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foreword 





Reactor Core Materials, one of a series of four quarterly reviews broadly covering the 
field of nuclear science and technology, is prepared by Battelle personnel from world- 
wide literature and covers materials and fabrication processes applicable to a nuclear 
reactor core. The coverage of this subject, however, is limited to materials that are 
solid at reactor operating temperatures. Pure chemistry, pliysics, core instrumenta- 
tion, fuel processing, and source materials are not covered by this Review. 

The authors and editors of Reaclor Core Materials attempt to bring together new de- 


velopments and significant findings in such a fashion that it can serve as a useful sum- 
mary of current research for both management and the technical specialist. For the 
latter group of readers, it is intended that the extensive referencing will aid in locating 
sources of more detailed information. 

R. W. DAYTON 

E. M. SIMONS 

R. W. ENDEBROCK 


Battelle Memorial Institute 
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Unalloyed Uranium 


The diffusion coefficients for hydrogen in alpha 
uranium were measured by Mallinckrodt work- 
ers' using a desorption technique. In addition, 
previous determinations of hydrogen diffusivity, 
D, in the beta and gamma phases have been re- 
evaluated statistically. The Arrhenius equations 
for hydrogen diffusion in the allotropic forms, 
calculated from the slope of the respective 
least-squares lines, are given below. 


Alpha phase (500 to 662°C): 


—6.9 x 10° 

), = 1.9 x 107° 4 

Da ‘ _ RT 
Beta phase (662 to 772°C): 

~4.4 x 10° 
Dg = 5.04 x 10 Aa 
B . oP \ RT 
Gamma phase (772 to 1133°C): 
a ee) 
Dy = 1.73 x 10 “ exp (—— 


Beta-treated dingot uranium was alpha an- 
nealed in an attempt to refine the coarse-grain 
structure by a recrystallization process.' The 
effects of annealing time and temperature and 
dingot composition on the extent of recrystal- 
lization were determined. Extending the anneal- 
ing time from 5 to 120 min at 1200°F increased 
the degree of recrystallization from 10 to 100 
per cent. A similar increase was obtained by 

aising the temperature from 1080 to 1200°F at 
a constant annealing time of 120 min. 

The average grain diameter (0.13 mm) of re- 

rystallized, alloyed dingot uranium, which con- 
tained 150 ppm iron and 100 ppm silicon, was 

msiderably smaller than the 0.31-mm grain 
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diameter of unalloyed dingot uranium which con- 
tained 48 ppm iron and 18 ppm silicon. How- 
ever, the unalloyed metal was completely re- 
crystallized after alpha annealing at 1200°F for 
20 min, as compared with a 120-min anneal re- 
quired for the alloyed metal. This suggests that 
a second phase is present in alloyed dingot ura- 
nium and that this second phase inhibits re- 
crystallization and grain growth during alpha 
annealing. 

Grain refinement of the beta-treated grain 
structure was definitely achieved by alpha an- 
nealing. Alpha-phase vacuum outgassing of salt- 
bath beta-treated cores for grain refinement, 
stress relieving, and removal of hydrogenis one 
possible application of the beta-quench, alpha- 
anneal process. 

The effect of thermal cycling on the creep of 
uranium was studied by the British.’ Experi- 
ments performed isothermally at 500°C and with 
temperature cycles of + 40°C about this tem- 
perature show the considerable effect that cy- 
cling has on the creep rate. For example, creep 
rate at 0.5 tsi and 500°C is increased by a fac- 
tor of at least 25 for cycles of + 40°C. The 
greater the amplitude of thermal cycling, the 
greater is the creep rate for a givenstress; the 
effect on the creep rate is greater at lower ap- 
plied stresses for a given thermal cycle. A 
theory is developed assuming that the internal 


' stresses set up by the differential expansions of 


the individual crystals are not, of themselves, 
sufficient to cause plastic flow. This theory 
gives predictions of the magnitude of the effect 
which are in good agreement with the experi- 
mental results. 

Uranium rods were extruded at temperatures 
near the alpha-to-beta phase transformation 
temperature by Nuclear Metals.’ The billet 
temperature, extrusion-container temperature, 
reduction ratio, ram speed, and postextrusion 
cooling rate were varied. The microstructure 





1 


and crystallographic orientation varied with ex- 
trusion conditions; conditions which tended to 
raise the temperature of the extruding rod pro- 
duced rods characterized by large grains (~500 
4) and a random crystallographic orientation. 
Some rods were made with a core of large 
grains of random crystallographic orientation 
surrounded by a thin rim (0.1 to 0.2 in.) of fine 
grains of <50 u. The addition of 0.16 wt.% sili- 
con to the uranium reduced the large grain size 
and retained the random orientation. It is pre- 
sumed that the extruding uranium rods trans- 
form into the beta phase when the extrusion 
pressure drops abruptly beyond the die land. 

In a study‘ of the preferred orientation that 
occurs as a result of cross rolling of uranium 
sheet, Dow Chemical workers made use of 
inverse-pole figures and calculated thermal- 
expansion coefficients. The preferredcrystallo- 
graphic orientation and thermal-expansion prop- 
erties of uranium sheet can be summarized as 
follows: 

1. Rolling of uranium produces a (001) tex- 
ture in all cases in the short-transverse direc- 
tion. The only effect that cross rolling has in 
the short-transverse direction is to change the 
shape of the texture about the (001) pole. 

2. Cross rolling produces a high (010) tex- 
ture in the transverse direction which tends to 
decrease to a moderately high density as the 
amount of cross rolling increases. The least 
amount of preferred orientation occurs in the 
transverse direction at 54 per cent of cross 
rolling; however, a (132) texture also begins to 
appear in the transverse direction at this point. 

3. There is never any strong or detailed tex- 
ture in the longitudinal direction as a result of 
cross rolling. The nearest approach to ran- 
domness in this direction was in the 54per cent 
cross-rolled samples. 

4. There will never be a random condition in 
all three principal directions at the same time. 
The textures will never be the same in any 
given direction. 

5. The coefficient of thermal expansion inthe 
short-transverse direction remains high and 
does not change as a result of cross rolling. 

6. As the amount of cross rolling increases, 
the thermal-expansion coefficient in the trans- 
verse direction increases from a very low value 
to just above that for a random condition. 

7. The thermal-expansion coefficient in the 
longitudinal direction behaves in a manner op- 
posite to that in the transverse direction, i.e., 
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from a value near that for a random conditior 
to a very low value as cross rolling increases 

8. After cross rolling to a little more thar 
54 per cent reduction, the coefficient of therma) 
expansion may be nearly the same in the trans- 
verse and longitudinal directions; at other re- 
ductions the coefficients in the two directions 
will always be different. 


Internal friction in alpha uranium depends on 
heat-treatment and decreases after beta or 
gamma-phase annealing according to Russian 
experimentation.’ The internal friction changes 
isothermally during polymorphic transforma- 
tions. The alpha-to-beta and gamma-to-beta 
transformations are accompanied by a decrease 
in internal friction, and the beta-to-gamma and 
beta-to-alpha, by an increase. Each phase has 
its own value of internal friction. 

A recent issue of the Journal of Nuclear Ma- 
ferials® contains articles on uranium which 
cover the following topics: self-diffusion in the 
beta phase, diffusion of gold and aluminum in 
uranium, the effect of the a — § — a transfor- 
mation on the preferred orientation of alpha 
uranium, the effect of orientation and tempera- 
tures on the modes of deformation of uranium, 
and the thermal expansion of single crystals of 
alpha uranium. (M. S. Farkas) 


Alpha-Phase Uranium Alloys 


The constitution of the uranium-molybdenum- 
niobium system was studied by the British’ at 
1100, 1200, and 1300°C. Isothermal sections 
were obtained by metallographic and X-ray 
methods. The decomposition of the body- 
centered cubic gamma phase in alloys contain- 
ing 5 at.% molybdenum and approximately 50 
at.% uranium occurred very slowly at tempera- 
tures near the miscibility gap. Additions of 
molybdenum were found to decrease the rate of 
the monotectoid reaction, 7; ~ @ + y,. Room- 
temperature lattice parameters of quenched, 
homogeneous, gamma alloys were obtained, and 
a hardness survey of the same alloys showed 
that a maximum hardness occurred at approxi- 
mately 50 at.% niobium, whereas a minimum 
occurred at 85 at.% uranium. 

- Specimens of uranium, uranium-—10 wt. 
molybdenum, and thorium in the form of bare 
and organic- or metal-coated single coupons 
and composite assemblies that were joined by 
soldering, welding, or the use of machine screws 
were evaluated by Battelle’ for corrosion re- 
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sistance. Both accelerated and long-term tests 
provided exposure to ambient, humid, salt- 
spray, and humid-freezing conditions. Environ- 
ments involving high humidity or a salt fog 
caused a localized type of attack on all the ma- 
terials. The uranium became badly pitted and 
roughened under almost all conditions studied. 
Vinyl type organic coatings blistered during ex- 
posure, particularly coatings on uranium, Alu- 
minum coatings on uranium behaved similarly. 
No galvanic effects were observed in couples 
prepared from dissimilar metals, even atcrev- 
ice areas and mating surfaces on specimens 
joined by machine screws. 

The behavior of inert gases in samples of 
inoculated uranium and uranium alloys has been 
studied at Nuclear Metals.’ Alloys included were 
uranium—1.6, —2.8, and —10 wt.% molybdenum, 
uranium—2 wt.% zirconium, uranium—0.3 wt.% 
chromium—0.3 wt.% molybdenum, uranium-—1 
and —2 wt.% carbon, and uranium—3.8 wt.% 
silicon. Helium was injected into metal samples 
by alpha-particle irradiation; krypton, by glow- 
discharge techniques. Following gas inoculation, 
samples were given various isothermal and 
thermal cycling heat-treatments to permit the 
formation of gas bubbles. The gas bubbles were 
observed in the light microscope after mechani- 
cal polishing and after chemical etching and in 
the electron microscope after cathodic vacuum 
etching. Helium-gas bubbles were observed in 
the cyclotron-irradiated samples following vari- 
ous heat-treatments between 475 and 1075°C. 
The majority of the gas bubbles in any sample, 
independent of heat-treatment, were between 
0.05 and 2 yp in diameter (10'° to 10'*/cm’) and 
accounted for up to 10 per cent porosity. Post- 
irradiation heat-treatments above 900°C gave 
rise to the formation of a small number (about 
10°/em*) of large bubbles between 10 and 150 1 
in diameter which accountec for porosities up 
to several hundred per cent. The large volume 
increase caused by the bubbles formed during 
postirradiation treatments is similar to that 
observed in metallic reactor fuel elements ir- 
radiated at temperatures above 400°C. Effects 
of recrystallization and phase transformations 
on the behavior of the helium-gas bubbles were 
noted, The nucleation and growth characteristics 
of the small and large bubbles are discussed. 

Irradiation studies by Argonne’® of the 


| tcanium—5 wt.% zirconium—1.5 wt.% niobium 


aloy, variously fabricated and heat-treated, 
| -d to the following observations: 
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1. The most effective heat-treatment for 
dimensionally stabilizing swaged or round- 
rolled uranium—5 wt.% zirconium—1.5 wt.% 
niobium alloy consisted of a 24-hr isothermal 
transformation from the gamma phase at 650°C. 
This heat-treatment was subsequently used as 
a basis for specifying the heat-treatment to be 
given to the Experimental Boiling-Water Reac- 
tor (EBWR) fuel plates. 

2. The most effective heat-treatment for 
dimensionally stabilizing flat-rolled material 
consisted of a 12 per cent reductionin thickness 
by cold rolling, followed by a 24-hr isothermal 
transformation from the gamma phase at 655°C. 

3. The swaged alloy could not be heat-treated 
to bring about both dimensional stability and 
corrosion resistance, 

4. Flat-rolled material would be made both 
dimensionally stable and corrosion resistant by 
first reducing the material 12 per cent inthick- 
ness by cold rolling, then transforming the alloy 
isothermally from the gamma phase for 24hrat 
665°C, followed by quenching from 800°C. 


5. Zircaloy-2 cladding in thicknesses as small 
as 0.04 in. and metallurgically bonded to the fuel 
alloy partially restrained the irradiationgrowth 
of the fuel alloy. 

6. Flat-rolled fuel alloy which was irradiated 
generally increased in length and width and de- 
creased in thickness. (M. S. Farkas) 


Gamma-Phase Uranium Alloys 


A discussion of the band structure in uranium- 
molybdenum gamma-phase alloys is contained 
in a paper by Blatt.'' Experiments dealing with 
the Hall effect, specific heat, and resistivity 
are reviewed, and the author finds the data to 
be consistent with the band model proposed 
earlier by Friedel. However, the need for addi- 
tional data is pointed out, specifically on ther- 
moelectric power, soft X-ray bands, and mag- 
netic susceptibility. 

A comprehensive review of corrosion behavior 
and theory as applied to uranium and various 
gamma-phase alloys is contained in a paper 
presented by Waber.'*@ Included is a discussion 
of the role of hydrogen penetration and of the 
influence of oxide film, especially the effect of 
stresses resulting from lattice mismatch be- 
tween the base metal and oxide. A mechanism 


of corrosion involving hydroxide ion attack is 
presented. 
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Table I-1 


Estimated central temp., °F 


Estimated cepsiempinietneteanigieiiicadeinalsatinitaattiataatiaientdaninansst 
Composi- burnup, Second 
tion, Mwd/ metric First and third Fourth 
i ton of U quarter quarters quarter 
U-10 Mo 7250 Steep flux profile: 700—800 
during entire irradiation 
U-10 Mo 9560 . 
1200 — 1650 800—1200 
U-10 Mo 


9970 


An experimental investigation of irradiation- 
induced disordering of the U,Mo phase to pro- 
duce gamma is described in a French report.'® 
The change in structure was followed by X-ray- 
diffraction techniques. It was found that the 
change was initiated with exposures of about 
10'* nvt and was completed after exposure to 
1.2 x 108 nvt. 

Irradiation results for the uranium—10 wt.% 
molybdenum alloy were reported by Atomics 
International.* Data are shown in Table I-1. On 
the basis of the data obtained to date in their 
program, it is tentatively concluded that the al- 
loy will serve well at burnups to 10,000 Mwd/ 
metric ton of uranium and central temperatures 
to 1100°F. (A. A. Bauer) 


Dilute Uranium Alloys 


Aluminum-Uranium Alloys 


The corrosion resistance of the bond be- 
tween aluminum cladding and nickel-platedura- 
nium has been studied by Savannah River." 
Aluminum-clad specimens that contained a 
drilled pinhole were tested in deionized water 
at 95 to 98°C. It was found that the corrosion 
resistance of the bond layer, i.e., the ability 
of the bond to confine attack to the vicinity 
of the defect, was dependent on the distribution 
of an “oxygen-rich phase” in the uranium- 
nickel diffusion zones. The oxygen-rich phase 
is not defined exactly because, although it has 
some X-ray-diffraction lines in common with 
UO,, it is not recognizable as UO, by metal- 
lography; in fact, it usually can be seen only 
with the electron microscope. If the oxygen- 


*W. A. Holland, Irradiation Properties of Uranium- 
Molybdenum Al: sys, USAEC Report NAA-SR-6262, 
Atomics International, to be issued September 1961. 
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NAA-38-3 CAPSULE IRRADIATION PRELIMINARY RESULTS 








3 she > 
Density, g/cm me : 
: in Change in 
Preirra- Postirra- Change, length, diameter, 
diation diation 3 % k 
17.10 16.05 6.20 0.43 0.267 
12.23 12.7 


17.13 34.00 10.35 18.2 


rich phase occurs as dispersed particles through 
the UNi,; layer, the corrosion confinement is 
good; however, if it is present as a more 
continuous layer between the UNi; and the U,Ni, 


the corrosion is able to spread rapidly from 
the initial defect because of the rapid migration 
of hydrogen through the oxygen-rich phase 
layer. 


Zirconium-Uranium Alloys 


General Atomic’ reports the temperature 
and stress dependence of the steady-state creep 
rate of zirconium-hydrogen-uranium (atomic 
ratio 1:1:0.03) in the temperature range 500 
to 600°C. At 502°C, where the alloy is a mix- 
ture of beta (body-centered cubic solid solution 
of hydrogen in zirconium) andgamma zirconium 
hydride, the stress dependence of creep rate is 
represented by « = Ko”, where o = stress de- 
pendence and » = 4.1. Alloys were examined at 
stresses between 4000 and 8000 psi. Above the 
transformation at 553°C, » = 4.7, and at 568°C, 
n= 4.9, Stresses applied were 3000 to 6000 psi. 
On the basis of a stress of 6000 psi, the activa- 
tion energy below the transformation is 80,000 
cal/g-atom, whereas above the transformation 
the activation energy is 65,000 cal/g-atom. 

It is interesting to note that the activation en- 
ergies for creep in this alloy are much higher 
than those reported for self-diffusion of alpha 
and beta zirconium, i.e., 22,000 cal/g-atom in 
alpha and 27,000 cal/g-atom in beta. It appears 
likely that the rate-controlling step for creep 
in this alloy involves the diffusion of zirconium 
atoms in zirconium hydride. 

Another interesting sidelight concerning the 
zirconium-hydrogen-uranium alloy is that, al- 
though brittle at room temperature, the alloy is 
quite ductile above 500°C. A specimen tested to 
failure at 568°C at a stress of 6000 psi exhibite« 
an elongation of 70 per cent. 
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Miscellaneous Alloys 


Two modifications of the crystal structure of 
U,Zn,; have been observed.'® One modification 
has hexagonal symmetry and the other has 
rhombohedral symmetry. These structures dif- 
fered principally in the stacking of a basic 
structural layer. The hexagonal structure is 
related to Th,Ni,,;, and the rhombohedral struc- 
ture is related to Th,Zn,;. (R. F. Dickerson) 


Plutonium and Its Alloys 


An extensive investigation of the mechanical 
properties of unalloyed plutonium has been con- 
ducted by Hanford.'® Average tensile properties 
of plutonium at various temperatures are shown 
in Table I-2. In general, the effect of an increase 


Table I-2 EFFECT OF TEMPERATURE ON TENSILE 
PROPERTIES OF ALPHA-, BETA-, GAMMA-, AND 
DELTA-PHASE PLUTONIUM ® 








(Testing Speed: 0.015 In./Min) 
Strength, pst ssodulus Reduc- 
Test Yield of elas- Elon- __ tion of 
temp., Ulti- (0.01% ticity, gation, area, 
°C mate offset) 10° psi ‘ C Phase 
—30 57,300 50,300 14.7 0.018 Alpha 
30 50,900 32,100 14.3 0.068 Alpha 
70 43,800 15,200 12.6 0.43 Alpha 
100 34,800 13,600 9.8 1.00 Alpha 
110 33,100 12,300 10.0 Alpha 
130 12,100 10,300 3.0 294.0 100.0 Beta 
160 5,620 3,950 570.4 100.0 Beta 
180 3,580 2,620 503.2 100.0 Beta 
190 3,280 2,210 1.6 325.9 97.8 Beta 
200 2,940 2,190 $21.0 82.1 Beta 
230 4,420 3,860 1.8 50.0 75.0 Gamma 
265 3,470 2,900 57.2 77.0 Gamma 
300 2,020 1,650 1.0 50.1 82.8 Gamma 
325 895 790 0.38 67.3 98.0 Delta 





in temperature is a decrease in strength and an 
increase in ductility. The effects of testing speed 
on tension and compression properties in the 
alpha, beta, and gamma phases were deter- 
mined. In the alpha phase, strength values in- 
creased to a maximum with increasing testing 
speed and then decreased, Beta-phase strength 
values increased rapidly with increasing testing 
speed, whereas the effect of test speed on 
ramma-phase strength was relatively small. In 
he alpha phase, creep rates at a stress of 
\0,000 psi varied from 15 x 10~‘ to 330 x 10“ 
n./(in.)(10,000 hr) for test temperatures of 31 
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and 100°C, respectively. A brittle fracture with 
an average impact-energy value of 2.6 ft-lb was 
observed in room-temperature tension impact 
testing. An average of 52,000 psi was obtained 
for the ultimate shear strength in torsion. 
Plutonium-aluminum alloys containing 0.36 to 
1.23 wt.% aluminum have been investigated at 
Argonne.'’ Linear expansion coefficients for 
some of these alloys appear in Table I-3. Diffu- 











Table I-3 LINEAR EXPANSION 
COEFFICIENTS OF SOME 
PLUTONIUM-ALUMINUM ALLOYS" 

Linear 
Composition setae pte 2 rae 
range, coefficient, 
Wt.% Al At.% Al °C 10-* °C 
0.98 8.05 20—425 10.6 


1.22 9.80 20—425 11.4 
1.23 10.00 20-425 12.5 





sion couples consisting of plutonium—1 wt.% 
aluminum alloy and Zircaloy-2 were heat- 
treated in a vacuum at 425 and 500°C for a pe- 
riod of one week. No evidence ofa reaction layer 
between these two materials was noted. How- 
ever, there was evidence that the materials in 
the couple at 500°C were not inintimate contact. 

Alloys of uranium—20 wt.% plutonium—5, 
—10, and —15 wt.% fissium and the same alloys 
containing 1.5, 3, and 4.5 wt.% additional zirco- 
nium in the fissium are being studied" to deter- 
mine the effects of changes in composition on a 
uranium—20 wt.% plutonium—10 wt.% fissium 
alloy. The uranium—20 wt.% plutonium—3.5 
wt.% fissium—1.5 wt.% zirconium alloy was 
found to be body-centered tetragonal from 625 
to 775°C. Lattice parameters for the alloy 
quenched from 775°C are a,= 6.99 and cy = 
6.78 A. The uranium—20 wt.% plutonium—5 
wt.% fissium alloy is body-centered cubic when 
quenched from 775°C. Quenching from 700°C 
produces a slightly distorted cubic cell; 
quenching from 625°C produces a tetragonal 
structure. The presence of the U,Ru compound 
was indicated in diffraction patterns of uranium — 
20 wt.% plutonium—15 wt.% fissium alloy, 
whereas ZrRu was noted in alloys containing 
additional zirconium. The grain size of the al- 
loys decreased with increasing fissium content. 

The following alloys were found to exhibit 
adequate corrosion resistance when tested in 
350°C water at Hanford:'® 


Al—11 wt.% Si—2 wt.% Pu 

Al—1.3 wt.% Ni-—1 wt.% Si—2 wt.% Pu 
Al—2.0 wt.% Ni-—2 wt.% Pu—0.1 wt.% Ti 
Al—3.0 wt.% Ni—2 wt.% Pu 

Al—3.5 wt.% Ni—2 wt.% Pu—0.1 wt.% Ti 


No substantial increase in corrosion resistance 
was gained by increasing nickel content above 
2.0 wt.%. Alloys which showed inadequate cor- 
rosion resistance were: 


Al—1.8 wt.% Pu 

Al—5 wt.% Si-2 wt.% Pu 
- Al—1 wt.% Si-—2 wt.% Pu 

Al—1 wt.% Ni-—2 wt.% Pu 

Al—3 wt.% Zr—2 wt.% Pu 


Cast niobium—10 wt.% plutonium—10 and — 30 
wt.% zirconium alloys that are being investi- 
gated at Battelle’®’.*' were found to contain the 
following phases: The primary phase was identi- 
fied by X-ray-diffraction analysis as niobium- 
zirconium solid solution, whereas the secondary 
grain-boundary phases are believed to be 
zirconium-plutonium rich alloy phases. Dia- 
mond pyramid hardness (DPH) numbers of 202 
and 244 were observed for alloys containing 10 
and 30 wt.% zirconium, respectively. 

On the basis of hardness data, 80 and 90 per 
cent coid-reduced thorium—5 and —10 wt.% plu- 
tonium alloys appear to recrystallize completely 
within 1 min at either 650 or 700°C. 

(V. W, Storhok) 


Thorium 


Examination of refractory thorium and 
thorium-uranium compounds and their alloys is 
continuing at Battelle.’? The rates of oxidation 
‘of a series of carbide alloys in air at 1100°F 

‘ are shown in Table I-4., 


Argonne” has irradiated a series of thorium- 
uranium alloys to burnups of 1.0 to 1.3 at.% at 
temperatures of 455 to 500°C. Visual inspection 
of cylindrical specimens containing 10, 15, and 
20 wt.% uranium indicated that these alloys 


possess good irradiation stability. However, an | 


alloy containing 28 wt.% uranium was badly 
warped after irradiation. 

A series of thorium tensile specimens in NaK 
has been irradiated at the Materials Testing 
Reactor (MTR).”4 The maximum specimen tem- 
perature was estimated to be 320°C. The re- 
sults of hardness tests on these specimens are 
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Table I-4 OXIDATION RATES” OF 
THORIUM-URANIUM CARBIDES IN AIR AT 1100°F 








Nominal composition, Weight gain, 

mole mg/(cm?)(hr) 
Thc —10 UC 6.4 
ThC—10 UC—2.5 Mo,C 8.7 
ThC —10 UC—5 NbC 6.7 
ThC —10 UC—5 SiC 3.2 
ThC-—10 UC—5 ZrC 4.3 
rhC,—10 UC, 3.5 
ThC,—10 UC,—2.5 Mo,C 3.4 
ThC,—10 UC,—5 NbC 4.7 
ThC,—10 UC,—5 Sic 3.7 

3 


ThC,—10 UC,—5 ZrC 





Table I-5 HARDNESS OF THORIUM AS A FUNCTION 
OF IRRADIATION" 











Burnup, Average hardness, Hardness range, 
at.% Ra Ra 
0 16 14-17 
0 27* 26-29 
0.1 48 42-51 
0.85 44* 42—46 
1.5 48 34—59 
*150 grains per inch. All others 20 grains per inch. 


shown in Table I-5. Results oftensile tests were 
reported previously. (W. Chubb) 


Dispersion Fuels 


The objective of a continuing program at the 


Clevite Corporation’’ is to develop methods for 
producing improved aluminum-base fuel ele- 
ments in which the fuel is containedin Fiberglas 
embedded in an aluminum matrix. 


Initially, fabrication techniques were devel- 
oped for converting aluminum-coated, uranium- 
free glass fibers into crack-free core material. 
This information was transferred to the fab- 
rication of core sections containing depleted- 
uranium-bearing Fiberglas. These techniques 
can now be employed to process enriched- 
uranium-bearing Fiberglas into core sections 
for fuel plates, 

The fabrication steps required for preparing 
fuel plates consist essentially of the following: 


1. Consolidation of the aluminum-coated Fi- 
berglas by hot pressing or by cold pressing fol- 
lowed by hot pressing. 

2. Framing the compact in an aluminum pic- 
ture frame. 
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3. Open rolling approximately 50 per cent. 
4. Clad rolling into fuel plates. 


The Fiberglas serves a twofold purpose. It 
acts as a carrier for uranium inasmuch as the 
U,0O, forms a solid solution with the normal 
glass constituents. Presumably, plutonium fuel 
could be substituted in this type of fuel material. 
Also, the glass serves to strengthen the alumi- 
num at elevated temperatures. 

It was found that reinforcing aluminum 
with Fiberglas provided materials with tensile- 
strength properties that were substantially 
higher than those of type 1100 aluminum, as 
well as most aluminum alloys, at elevated tem- 
peratures. Two types of Fiberglas materials 
are represented. These consist of (1) as hot 
pressed, in which the fibers were unfragmented 
and oriented in one direction, and (2) as rolled, 
in which the fibers were fragmented. 

The as-hot-pressed material exhibited good 
strength-retention properties at elevated tem- 
peratures. For example, the tensile strength at 
room temperature was 25,250 psi. As the tem- 
perature was increased, the tensile strength de- 
creased, It reached a plateau with an average 
tensile strength of 18,450 psi at temperatures 
from 250 to 800°F. This strength retention at 
elevated temperatures is significant, since con- 
ventional aluminum alloys lose most of their 
strength above 450°F. 


The as-rolled Fiberglas-reinforced aluminum 
sheet prior to cladding also displayed a much 
better strength retention than commercial alu- 
minum or any of the aluminum alloys at elevated 
temperatures. However, its strength was less 
than the as-hot-pressed material in the tem- 
perature range of 250 to 800°F. The decrease 
in the strength retention of the Fiberglas- 
reinforced material upon rolling is attributed 
to the fragmentation of the Fiberglas during 
rolling. Even so, the fiber-reinforced material 
after rolling remains substantially stronger 
than the commercial aluminum in the tempera- 
ture range from 400 to 1000°F. 

This concept, when proof tested by irradiation 
experiments, should provide a fuel element 
Suitable for higher operating stresses in a test 
reactor, for operation in a small power reactor 
at 500 to 600°F, or for employing plutonium 
Safely as a fuel. 

Experimental work reported by Oak Ridge’® 
is concerned with the development of a disper- 
sion fuel plate with a high burnup potential for 
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application in a 500°C sodium environment as 
core B of the Enrico Fermi Fast Breeder Re- 
actor. The dispersion fuel product resulting 
from an 18-month program of materials evalua- 
tion and fabrication studies consists of 35 wt.'/ 
spheroidal UO, dispersed in type 347B stainless- 
steel powder and clad with wrought type 347 
stainless steel. Methods for achieving auniform 
distribution of spheroidal UO, in the matrix 
powder and for cladding the sintered powder 
compact by roll bonding are described. Exami- 
nation of experimental plates reveals that the 
degree of UO, fragmentation and stringering 
encountered during processing is primarily a 
function of the degree of cold work employed in 
the finishing operation and the starting quality 
of the UO, powder, Cladding studies indicate 
that a sound metallurgical bond can be achieved 
with an 87.5 per cent reduction in thickness at 
1200°C and that close processing control is re- 
quired to meet the stringent tolerances speci- 
fied. 

Although basic fabrication procedures were 
well established, several problems peculiar to 
the core B fuel element remained to be resolved. 
One is to devise means for homogeneously in- 
corporating the coarse spheroidal UO, particles 
in the stainless-steel matrix. Also, some con- 
cern existed as to whether appreciable difficul- 
ties would arise in roll cladding 0,112-in.-thick 
fuel plates, particularly since the ratio of 
cladding-to-core thickness was unusually small. 
Experiments were also conducted to determine 
the least amount of cold rolling that could be 
employed consistent with dimensional and flat- 
ness requirements of the plates, at the same 
time ensuring maximum integrity of the 
UO, particles. Detailed procedures covering 
composite-plate manufacture are presented, 

At Battelle,” sintering, hot-press forging, and 
gas-pressure bonding were evaluated as tech- 
niques for preparing cermet fuel materials 
containing at least 60 vol.) UO, and having a 
minimum density of 90 per cent of theoretical. 
Minus 325-mesh chromium, molybdenum, nio- 
bium, and type 302B stainless steel were em- 
ployed as matrix materials. Hydrothermal and 
spherical UO, powders were evaluated. 

Cermets containing 80 vol.) UO, and exhib- 
iting densities in excess of 90 per cent of theo- 
retical were successfully prepared by both hot- 
press forging and by gas-pressure bonding 
mixed oxide and metal powders. Gas-pressure 
bonding produced specimens with a more uni- 
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form structure and was demonstrated to be 
capable of simultaneously densifying and clad- 
ding green-pressed cermet fuels. Spherical UO, 
powders produced the more homogeneous mi- 
crostructures. Excellent microstructures were 
also obtained through the use of UO, powder 
coated with niobium by vapor-deposition tech- 
niques. An example is shown in Fig. I-1. 
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Fig. I-1 Niobium-coated UO, densified and clad with 
niobium by gas-pressure bonding.” The etchant is 
50-50-3 parts lactic-HNO,-HF. 


So far as direct comparison is possible, the 
cermets were superior in strength to UO). 
Strength, which was measured by bend and com- 
pression tests, was density dependent. Thermal- 
conductivity values for the cermets were far 
higher than those for UO,. The data are shown 
in Table I-6 and Fig. I-2. 

Electrical-resistivity data were also obtained. 
These data were used to develop a mathematical 
correlation between electrical and thermal con- 
ductivities, but a complete analysis could not be 
made on the basis of present theories, owing to 
the limited number of measurements made. 

The potentialities of a fuel element consisting 
of an enriched-uranium compound dispersed in 
a depleted uranium or thorium matrix would be 
influenced by the extent of isotopic exchange 
likely to occur at reactor temperatures. The 
consequences of interchange depend on both the 
diffusion of the enriched isotope into the matrix 
and the diffusion of uranium isotope into the 


Table I-6 DESCRIPTION OF SPECIMENS 
USED FOR THERMAL-CONDUCTIVITY 
MEASUREMENTS“ 








Nominal Density, 
composition, © ol 

Specimen vol.% theoretical 
TC-81 UO,—30 58.5. 97.0 
TC-80 UO,—20 S.S. 95.5 
TC-102 UO,—20 S.S. 98.4 
TC-103 UO,—20 S.S. 97.2 
TC-82 UO,—30 Mo 91.7 
TC-90 UO,—20 Mo 91.1 
TC-105 UO,—20 Mo 94.4 
TC-104 UO,—20 Cr 97.1 
TC-115 UO,—20 Nb* 85.3 
rC-130 UO,—20 Nbt 93.5 





\ 

*Niobium-coated, —100 + 140-mesh spherical 
UC do. 

tNiobium-coated, —140 + 200-mesh hydrother- 
mal UO». 
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Fig. I-2 Thermal conductivity versus temperature 
for UO, cermets and their matrix metals.% (See 


Table 1-5 for compositions of TC specimens.) 


enriched-uranium compound. Workers at Nu- 
clear Metals*' investigated the extent of isotopic 
interchange occurring as a result of thermal 
diffusion in the system in which enriched UO, 
would be dispersed in a matrix of depleted ura- 
nium. The results obtained indicate that the in- 
creased concentration of U**®® in the matrix 
would be negligible, even immediately at the in- 
terface. Thus radiation damage in the uranium 
matrix as a result of isotopic interchange is 
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negligible. The dilution of the enriched dis- 
persed phase due to isotopic interchange be- 
comes negligible at a distance of 3 1. or more 
into the UO, particle. The limiting factor in the 
interchange is the diffusion rate of uranium in 
UO,. Experimental results gave approximate 
values of the volume diffusion of 4 to 45 x 107"" 
em’/sec at 1000°C. Radiation damage in the 
matrix as a result of isotopic interchange was 
judged to be very unlikely. (D. L. Keller) 


Refractory Fuel 
and Fertile Materials 


Properties and Behavior 


of Uranium Oxide Fuels 


A compilation of unclassified data on UO, has 
been assembled by Seddon at Harwell.”® A bibli- 
ography of UO, references in the Russian litera- 
ture from 1955 to June 1960 has been compiled 
by Wensrich.”° 

Recent thermal-conductivity measurements 
have been reported” for 85 per cent dense UO, 
from 833 to 2112°C. The values of thermal con- 
ductivity for the 85 per cent dense UO, and 
values corrected to theoretical density are given 
in Table I-7. 





FUEL AND FERTILE MATERIALS 





Table I-7 THERMAL CONDUCTIVITY” OF UO, 
Measured Thermal conductivity 
thermal conductivity normalized to 100% 
Temp., for 85% dense UO», dense UQO,, 

“Cc watts/(cm)(°C) watts/(em)(CC) 
833 0.025 0.029 
1112 0.021 0.024 
1168 0.021 0.024 
1493 0.020 0.024 


1738 0.017 0.020 
2112 0.016 0.019 





Studies at Chalk River*! show that, from 1550 
to 2440°C, grain growth as a function of time in 
UO, follows fairly closely the expression 


p* — p2 = K/*® exp (—87,000/R7) 


where K is a constant depending on the particu- 
lar material, D, is the initial grain size, and // 
s the grain size at time /. Observation of me- 
allic uranium in material heated above 2000°C 
suggests that the UO, lattice can be oxygen de- 








ficient at high temperatures. The crystallo- 
graphic orientation parallel to the major axis of 
columnar crystals of UO, formed under various 
conditions has also been determined.* Crystals 
formed from a melt have a [100] direction 
parallel to the major axis, whereas those grown 
from vapor have the [100], [111], or [110] di- 
rections parallel to their length, depending on 
the formation conditions. Bettis*’ and Atomics 
International** employ gas-adsorption tech- 
niques to measure surface areas associated 
with sintered UO,. Krypton, butane, and ethane 
are used to measure surface areas ranging 
from 5000 to 20 cm’, 

Several recent reports cover the kinetics of 
oxidation of UO,. A study of the oxidation of UO, 
and UO,-containing fissia concentrations ranging 
from 0 to 5 per cent at oxygen pressures rang- 
ing from 3 to 800 mm Hg in the temperature 
range of 0 to 450°C has been made by Atomics 
International.** It is postulated that the oxidation 
of UO, to U,;O, is controlled by the following 
processes: (1) chemisorption of oxygen on the 
UO, surface, then adsorption of oxygen on the 
chemisorbed layer; (2) diffusion of oxygen 
through a 224+ 74 A layer of U,0, or U,O, de- 
pending on the temperature, followed by (3) for- 
mation of U,O, in the grain boundaries which 
causes the surface layer to spall off. The chemi- 
sorption reaction rate may be expressed as 


R= 5.5 x 107’ P exp (—12,800 + 2800/R7) 
moles oxygen/(cm’)(sec) 


where P is oxygen pressure in millimeters of 
mercury. The diffusion coefficient for oxygenin 
the pure UO, material as a function of tempera- 
ture was found to be 


D = 5.5 x 107° exp (- 21,900 + 1400/R7) cm*/sec 
whereas for oxygen in UO, with fissia 
D =12.2x107~° exp (- 28,100 + 1100/R7) cm*/sec 


Results of experiments at the Lawrence Radia- 
tion Laboratory show no indication of diffusion- 
controlled oxidation of UO, powder from 365 to 
400°C at an oxygen partial pressure of 150 mm 
Hg. All oxidation curves were of the sigmoidal 
type, indicating only one oxidation step from 
UO, to U,O,. Oxidation of sintered 10 wt. « UO,— 
ThO, at temperatures from 600 to 950°C and at 
an oxygen pressure of 779 mm Hg has been in- 
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vestigated at Atomics International. From 800 
to 950°C the rate of oxidation can be expressed 
as 


R = 3.7 107° exp (—22,500/R7T) 


moles oxygen/(cm?*)(min) © 


Under the conditions of the experiment, there 
was no evidence of any disintegration of sin- 
tered material due to the effects of oxidation. 
Oak Ridge is continuing fission-product- 
release studies.*’ Measurements of fission- 
product release from thin plates of 97 per cent 
dense UO, during in-pile irradiation at tempera- 
tures ranging from 1000 to 2000°F showed that 
iodine, xenon, and krypton were released by a 
temperature-dependent process above 1300°F. 
The results of determinations of Xe'- and 
Kr®*-escape from the UO, plates at various 
times during in-pile irradiation are shown in 
Fig. I-3. The points designated A and B were 
taken soon after the irradiation of the UO, was 
initiated, whereas the other data are based on 
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measurements taken at random temperatures 
over a period of several days six months later. 
Not only did fractional release of krypton and 
xenon increase over this period by a factor of 
more than 100, but the ratio of xenon to krypton 
release increased, indicating a change in the 
fuel. It is thought that this change was due to 
oxidation of the UO, by oxygen impurities in the 
atmosphere to which the specimen was exposed 
rather than to radiation damage. Bursts of fis- 
sion gas were released from the UO, when the 
temperature of the fuel was increased. The size 
of the burst was a function of the temperature 
change and, to some extent, the prior irradiation 
history. Bursts were also observed on rapid 
cooling; however, these were smaller than those 
obtained on heating. Diffusion coefficients cal- 
culated for Kr**, which has a precursor with a 
short half life whose diffusion can be neglected, 
are shown in Fig. I-4. Diffusion coefficients of 
Xe'*®® were not given since there was evidence 
that the release data for this isotope were ob- 
scured by diffusion of its precursor, I'*°, 
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The diffusion of Xe'** from slightly irradiated 
high-density platelets of 25 wt.% UO,-ZrO, has 
recently been measured by Bettis.*® Diffusion 
coefficients, including those for UO,, are given 
in Table I-8. These values yield an activation 


Table I-8 DIFFUSION COEFFICIENTS” FOR 














Xe™? IN 25 WT.% UO,-ZrO, AND UO, 
Temp Diffusion coefficient, cm?/sec 
emp., 
°C 25 wt.% UO,-ZrO, UO, 
700 1.6 x 1078 6.6 x 1072s 
800 1.6 x 107" 4.0 x 1077° 
900 3.6 x 107" 2.2 x 107” 
900 1.8 * 197" 
900 2.8 x 107" 
1000 1.1 x 107% 2.0 x 1078 
1250 8.4 19078 4.0 x 107% 
*Estimated. 


energy for Xe'** diffusion in 25 wt.% UO,-ZrO, 
of about 85 kcal/g-mole. This value is some- 
what uncertain because of occasional sporadic 
bursts of Xe'*® release which occurred during 
the course of the measurement. 

An X-ray-diffraction study*® of the uranium- 
aluminum-oxygen ternary system resulted in 
the phase diagram in Fig. I-5. No evidence was 
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' ; , 4 
Uraniurmn-aluminum-oxygen phase diagram. 


found for solid solutions between Al,O, andura- 
mum oxides. 

Metallographic and X-ray studies by Bettis"! 
f compositions ranging from 100 mole ‘% UO, to 


100 mole % ZrO, indicate that, for an anneal at. 
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1875 to 1880°C for 66 to 72 hr, the material is 
face-centered cubic to 60 mole % UO,. Lattice 
parameters of rapidly cooled compositions are 
given below: 


UO, 


Mole Wt. Lattice parameter a, A 


100 100 5.470 
90 95.3 5.439 
80 90,0 5.409 
70 83.7 5.380 


60 (7.0 5.349 


At 50 mole “% UO,, where the cubic lattice pa- 
rameter was found to be 5.315 A, metallography 
revealed the appearance of an acicular or plate- 
let type structure within the individual grains 
which was also detected by a corresponding 
change in the X-ray-diffraction pattern. At 35 
mole “< UO,, the platelet structure became more 
pronounced, and, at 30 mole ‘% UO,, the tetrago- 
nal phase changed from the platelets to an equi- 
axed grain which forms mainly at the grain 
boundaries of the plate type grains. At 15 mole 
0 UO, the platelets disappear, leaving the equi- 
axed tetragonal structure throughout. A phase 
diagram based on other work on the UO,-ZroO, 
system performed in England is described by 
Evans.” X-ray-diffraction studies were per- 
formed at Bettis*® on UO,, ZrO,, and UO,-ZrO, 
solid solutions that had been exposed to various 
levels of in-pile irradiation. The UO, structure 
remained stable up to 20 x 10”° fissions/cm’. 
Beyond this level of exposure, the UO, gradually 
became amorphous, with the cubic X-ray pattern 
persisting to 30 x 10” fissions/cm*. ZrO, and 
UO,-ZrO, solid solutions with the distorted 
fluorite type structure went to a higher symme- 
try when irradiated with fission fragments. 

Metallographic studies have been conducted 
by Bettis®® on UO,-Y,O, sintered at 1850°C for 
63 hr and then cooled rapidly. A single-phase 
structure was found between about 20 and 50 
mole “© Y,O;, and a two-phase region was found 
with fluorite and thallium oxide type structures 
occurring between 60 and 85 mole ‘¢ Y,O;. The 
Y,O,-rich thallium oxide type phase and the 
UO,-rich fluorite phase have lattice parameters 
of 10.630 A and 5.350 A, respectively. There 
was also evidence of a two-phase region at 10 
mole «© Y,O3. 

Irradiation experiments at Vallecitos“‘ indi- 
cate that UO, powder with small additions of 
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TiO, exhibits better fission-gas retention than 
UO, alone. Stainless-steel fuel elements con- 
taining 22 per cent enriched UO, powder with 
and without TiO, compacted to densities ranging 


from 53 to 65 per cent were irradiated to peak 
burnups of 2 per cent total uranium atoms at 
surface heat fluxes up to 350,000 Btu/ (hr)(sq ft). 
Krypton-85 release from UO, alone ranged from 
39 to 100 per cent, whereas release values were 
Significantly lower for UO, containing additions 
of about 0.5 per cent TiO,. Central voids in the 
fuel containing the TiO, were found to be less 
pronounced than in fuel without TiO,. Knudsen 
et al.*® report that flexural-strength measure- 
ments at about 20 and 1000°C indicate that ad- 
ditions of 0.50 and 0.75 wt.’o TiO, markedly 
increased the strength of sintered UO,. Sinter- 
ability of the UO, was also enhanced bythe TiO, 
addition. . 

Hanford“ is continuing to investigate the UO,- 
PuO, system. The liquidus for the UO,-PuO, 
system has been determined and is presented 
in Fig. I-6. Results of thermal-expansion meas- 
urements on both UO, and PuO, as a function of 
temperature up to 1000°C are summarized in 
Fig. I-7. The discontinuous hump on the PuO, 
expansion curve which has been observed with 
three different specimens is not explained. 

(R. H. Barnes) 


Fabrication of Uranium Oxide Fuels 


One of the principal reasons for the high cost 
of preparing fuel pellets by cold pressing and 
Sintering has been variability in UO, powders. 
It has been necessary to employ high forming 
pressures, high sintering temperatures, or both, 
in order to use available material. Two recent 
observations hold promise of permitting fur- 
ther improvement in control of powder charac- 
teristics. 


The development, on a laboratory scale, of a 
more economical process for fabricating dense 
UO, pellets is continuing at Olin Mathieson.*' 
Several commercial lots of UO, powder of vary- 
ing sintering characteristics have been activated 
by oxidation-reduction cycling, followed by oxi- 
dation to a minimum oxygen-to-uranium ratio 
of 2.25. Pellet densities in excess of 95per cent 
of theoretical were attained by pressing such 
powders at 19 tsi, sintering the pellets at 1200 
to 1300°C in nitrogen for 1 hr, andthen reducing 
them to stoichiometric UO, in hydrogen. 





2800 



































An. tee, Bch od ok OD 
| 
© 2700 i : ae Oe 
° i | 
“Wt 2600 -—+—_+—_ + | 
ita 
— | 
< 2500 }K ++ 
= 
a 
a. 2400 ————— —- 
= 
LJ | | | 
~ Sor a = a T a ee 2280 5 
| i j | ' 
| | 
2200 Ss 1. | ee: % i i i i 
UO, 10 20 30 40 50 60 70 80 930 Pud, 
PLUTONIUM DIOXIDE, WT.% 
Fig. 1-6 Liquidus for the UO,-PuO, system. 
2 T T T a 7 = — ee 
“ (9) 4 +—_4}__ + lai + ; 
5 | | ' | PuOe 
4 4 a ~- ; 
= 74 | | 
24 tie t+ 
23 U | 
EpZ4c8n 
4 + + + + oo 
| | 
—t T = 
it j al 











0 
O 100 200 300 400 500 600 700 800 900 1000 
TEMPERATURE, °C 


Fig. 1-7 Theexpansion of UO, and PuO, asa function 


i6 
It ternperature. 


Previous work had indicated that the beneficial 
effect of oxidation-reduction cycling resulted 
from the breaking down of coarse agglomerates 
during this procedure. It now has been shown 
that fluorine impurity in UO, inhibits sintering 
and that the fluorine is partially removed by 
oxidation-reduction cycling. 

Verkerk and Brouwer“ found that it was pos- 
Sible to stabilize high-surface-area UO, pow- 
ders against oxidation during room-temperature 
storage by subjecting the powders to moisture- 
laden inert gases at the reduction temperature 
for 1 hr following reduction. The authors stated 
that the treatment caused formation of a nearly 
nonporous U,O, layer on the UO, particles. 
Pressing characteristics of aged powders were 
enhanced, without harming sinterability. Sinter- 
ing in moist argon or nitrogen for 1 hr at 1400 
to 1500°C, and cooling in a dry oxygen-free 
mixture of hydrogen and nitrogen, resulted in 
stoichiometric UO, with density in excess of 95 
per cent of theoretical. ‘(H. D. Sheets) 
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Properties of Refractory Fuels 
Other Than Uranium Oxides 


Published data on physical, mechanical, 
chemical, and irradiation properties of ura- 
nium carbide and uranium silicide are pre- 
sented”* in graphs and tables. Studies of these 
and other properties of uranium carbide are 
being continued. Meyerson et al. are de- 
termining thermal conductivity, thermal ex- 
pansion, and effects of thermal cycling on UC 


and UC + U mixtures. The solubility of uranium 
in UC is reported®! to decrease its lattice pa- 
rameter from 4.9600 + 0.0005 A to 4.9520 + 
0.0002 A. Lattice-parameter data were ob- 
tained which indicate two phases of the U(C; Oy) 
type. In this latter study, various mixtures of 
uranium, carbon, UC, UO,, and U,O, were re- 
acted in argon at 1800°C. The resulting phases 
were identified by lattice-parameter measure- 
ments as U(Co, 77Oo9,;) and U(Co, sO», 73). Thus dif- 
ferentiating U;,,C, U(C,Oy), or U(Cx,Ny,Oz) 
by lattice-parameter methods may lead to con- 
siderable uncertainty. Carbon-14 diffusion in UC 
is reported”! to be 1.2 x 10~* em*/sec at 1500°C, 
3.3 107° cm’/sec at 1600°C, and 2.1 x 107' 
em*/sec at 1800°C. Battelle’! is also investi- 
gating the hardness and irradiation behavior of 
uranium carbide containing 4.8 to 9.0 wt.'% car- 
bon. Microhardness data on uranium carbide 
are being obtained at Union Carbide.* Hot- 
hardness measurements on UC, U,C;, and UC, 
are reported.”! Preliminary thermal expansion, 
modulus of rupture, modulus of shear, and 
Poisson’s ratio for fabricated specimens of 
UC, UN, and U,Si, are reported by Taylor and 
McMurtry.” 

Alloys of UC with other refractory-metal 
carbides are being evaluated at Battelle.”! 

A new phase in the uranium selenide system 
has been reported by Khodadd,” i.e., cubic 
U,Se,, dy = 8.804 A, which has a density of 10.07 
g/em®, This selenide is attacked readily by di- 
‘ute hydrochloric or acetic acids. 

The physical properties of US and ThS are 
ing compared with those of UO, and Tho, at 
.rgonne.'"°® Preliminary data are presented 
or thermal expansion, composition, grain size, 
ind modulus of rupture. 


Plutonium carbides are being investigated 
t Argonne'”°® and at Hanford.°®’~** An abrupt 
hange in the thermal expansion of PuC when 
eated above 400°C may be attributed to an 





excess of carbon and the reported’’’” high- 
temperature solubility of Pu,C, in the PuC lat- 
tice. Thermal-expansion coefficients are re- 
ported®’—*® to be 10.8 10°/°C for PuC and 
14.8 x 10°°/°C for Pu,C,. Addition of UC to PuC 
was reported by Hanford to eliminate the de- 
composition of the PuC to Pu,C, and permit 
uniform melting. 

The decomposition and melting of PuO, at 
1700°C are being investigated at Hanford’’~*® 
and Battelle.*' Melting has been attributed to 
decomposition of PuO, to Pu,O,. The compati- 
bility of PuO, with various ceramics and metal 
powders is being studied at these sites. The 
limit of solid solubility of ZrO, in cubic PuO, is 
reported™® to be approximately 60 wt.'/,. Vapor 
pressures of PuO, and PuO,-ThO mixtures at 
1973°K are reported®® to be 7.9 x 10~* atm. New 
compounds that have been reported*®' in pluto- 
nium systems include PuAlO,, PuVO,, PuCrO,, 
and BaPuO,. Crystallographic data are given. 

The corrosion resistance of several thorium- 
base compounds (Th,Al, ThBe,,, ThB,, ThC, 
ThC,, ThN, ThS, Th,Si,, and ThSi) in NaK at 
1200°F is being studied.*! The beryllide was 
corrosion resistant, the carbides lost consider- 
able weight, and the other compounds had inter- 
mediate corrosion resistance to NaK. All the 
compounds withstood rapid cooling from 1000°C 
without cracking. A cubic perovskite type com- 
pound has been prepared®™’ by reacting copre- 
cipitated mixtures of barium and thorium oxa- 
lates at 1000°C. This compound is unstable in 
moist air at room temperature. 

(D. A. Vaughan) 


Fabrication of Ceramic Fuels 
Other Than Uranium Oxides 


The AEC’s Division of Reactor Development 
has prepared a summary of work being done 
under its Nuclear Technology Program. The 
reader desiring background information in fuels 
and materials developments during 1960 will 
find these reports*”’”’ helpful. 

Uranium carbide powder isnow commercially 
available from several suppliers. Research is 
continuing on fabrication of cast UC fuel slugs, 
and increased effort is being directed toward 
powder-metallurgy fabrication techniques.”* 

The work of the first 1'/, years of a casting- 
research program at Battelle*’’”’ has been sur: 
marized. Recent significant developments indi- 
cate that the use of outgassed commercial 
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graphite in the skull melting and casting opera- 
tion may result in better control of the carbon 
content of castings. Castings produced using out- 
gassed graphite varied less than +0.1 wt.) car- 
bon, whereas castings produced from the same 
grade of graphite that had not been outgassed 
varied by +0.3 wt.% carbon. Carbon variations 
attributed to the erosion of vacuum-outgassed 
AGOT nuclear-grade graphite electrode tips 
appear to be reduced when outgassed TSF 
reactor-grade graphite is usea,*'»”” 

Olin Mathieson‘”’** has been particularly in- 
terested in melting losses occurring when UO,- 
graphite pellets are melted and cast. Longer 
melting times are required and material losses 
are greater using unreacted pellets, but homo- 
geneity is good. Carbon content varied by not 
more than 0.1 wt.% from top to bottom of the 
castings. If the pellets are reacted in vacuum 
prior to melting, about 99 per cent of the theo- 
retical UC yield is obtained. 

Sylvania-Corning®’ reacted UF,, silicon, and 
carbon at 1550°C and then arc-melted the prod- 
ucts to obtain a two-phase material consisting 
essentially of UC with a dispersion of SiC. 

The carbon content of UC powder prepared 
by the methane reaction has shown considerable 
variation, not only as reported by different fa- 
cilities but among various lots of powder from 
a facility. Olin Mathieson uses propane to pro- 
duce UC powder which consistently contains less 
than 100 ppm nitrogen and about 0.1 to 0.15 wt. 
oxygen.®* Previous high free-carbon content was 
found to result from pyrolytic decomposition of 
propane on the retort walls and was remedied 
by using copper inserts and trays.‘’’*°®* 

It is not surprising that UC produced from a 
UO,-carbon mixture, which satisfies the equa- 
tion UO, + 3C -- UC + 2CO, always contains a 
small amount of UO, since UO, generally con- 
tains a little more oxygen than that required for 
stoichiometry. Argonne’® has reacted mixes of 
UO, and 13.4 to 13.0 wt.% carbon as part of an 
attempt to correlate the amount of carbon re- 
quired to acccmmodate the UO», , stoichiometry. 

Numerous investigators have reported con- 
siderable difficulty in sintering UC powder to 
densities approaching the theoretical value. 
Oak Ridge workers have studied the nature of 
the loss of material from UC during high- 
temperature sintering and have identified the 
ion species U*, UO*, and UO by mass spec- 
trometry.®*? This indicates that the oxide phase 
present as impurities may be responsible for 


loss of material. Battelle*”** has used the iso- 
static hot-pressing technique to fabricate UC 
bodies«~of 95 per cent or more of theoretical 
density which do not contain uranium or UC, but 
which do have small quantities of U,C;. 

Slip casting of UC has been initiated at Union 
Carbide.°”’®’ Slips having reasonable rheological 
properties were made using a xylene medium 
with Linde R61 silicone deflocculant or alcohol 
with formamide. Casting rate was controlled 
and mold release facilitated by washing the mold 
with a slurry of alumina in trichloroethylene- 
Carbowax solution. Cylindrical specimens ', in. 
in diameter by 3 in. long with agreen density of 
6.8 g/cm’ were sintered at 1850°C to densities 
in excess of 12 g/cm’. 

In a survey of different investigations aimed 
at preparing and fabricating UC, Accary and 
Caillat” find that, in general, a chemical reac- 
tion does not lead to high densification if there 
is a dependence on simple contact between dis- 
crete particles; however, chemical reaction can 
help sintering if densification can be achieved 
prior to the reaction. 

Sintering of UN powder up to 91 per cent of 
theoretical density has been reported by The 
Carborundum Company. However, vacuum sin- 
tering of UN powder at Battelle® resulted in de- 
composition of UN with a resulting liquid ura- 
nium matrix before significant densification 
could take place. Specimens with 95 to 96 per 
cent of theoretical density have been fabricated 
by isostatic hot pressing in niobium cans for 3 
hr at 1480°C and 10,000 psi.” Recently, irradi- 
ation specimens have been fabricated without 
incident under the same conditions."' A small 
amount of nonmetallic second phase in these 
specimens is believed to be caused by the use 
of Carbowax 6000 as a binder in cold-pressing 
pellets prior to hot pressing, since a specimen 
hot-pressed under the same conditions with no 
binder reached 98 per cent of theoretical den- 
sity and was virtually free of the second phase." 

Compaction of arc-fused ThO, and mixed 
ThO,-UO, by pneumatic vibrators at Oak Ridge” 
consistently gave bulk densities of 87 per cent 
of theoretical. Compaction was best with a pneu- 
matic vibrator which imparted a sharp impact 
to the tube on its upstroke but not on the down- 
stroke. 


A promising method of producing ThO, pellets 
involving the formation of cubes that are sub- 
sequently reduced to spheres by tumbling has 
been investigated at Oak Ridge."* A combinatio1 
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of two methods (tumbling dry unfired cubes and 
tumbling wet, soft fired cubes at 1100 to 1300°C) 
appears most desirable. Polished spheres are 
finally fired at 1800°C. 

The sintering rate of thoria compacts as a 
function of time was measured" from 600 to 
1600°C at heating rates of 2.7, 4.0, and 8.0°C,/ 
sec. The sintering rate attained a peak value at 
980°C and passed through a minimum at 1200°C. 
The initial peak occurred at an increase inden- 
sity of 15 per cent. The temperature and degree 
of densification associated with the initial sin- 
tering rate peak were the same for each heating 
rate. The presence of a discontinuity in the sin- 
tering rate versus temperature curve suggests 
the influence of more than one material trans- 
port mechanism, 

Hypostoichiometric PuC containing about 25 
per cent Pu,C; and stoichiometric Pu,C, con- 
taining 10 per cent or less PuC have been pre- 
pared by powder-metallurgy techniques at Los 
Alamos." The density of monocarbide pellets 
first sintered at 1250 to 1400°C was10.5g/cm’. 
Further sintering of ground and re-pressed pel- 
lets resulted in densities up to 12.7 g/cm® (93 
per cent of theoretical) for the monocarbide and 
12.6 g/cm® (99 per cent of theoretical) for the 
sesquicarbide. Arc melting of the sintered pel- 
lets produced buttons up to 99 per cent of theo- 
retical density containing less than 5 per cent 
plutonium sesquicarbide. Essentially, single- 
phase hypostoichiometric UC-PuC solid solu- 
tions were produced by these same procedures 
using pellets having a density of 12.7 g/cm* (93 
per cent of theoretical) to produce an arc- 
melted button density of 14.0 g/cm’. 

The effect of a hydrogen atmosphere on the 
Sintering of US must be redetermined in a pure 
atmosphere. X-ray examination shows UO, and 
UOS of almost equal intensity with no hydride 
apparent."® (E. O. Speidel) 


Basic Studies of Radiation 
Effects in Fuel Materials 


Radiation Effects in Metallic Fuels 


Growth produced in alpha uranium by proton 
irradiation has been compared experimentally 
with that due to neutron-induced fission at Har- 
well."© The growth per unit concentration of 
}oint defects produced by protons is at least an 
‘rder of magnitude less than that produced by 





fission, and recovery upon heating occurs only 
in the proton case, It is therefore concluded that 
the growth during fission cannot be explained 
solely in terms of point-defect migration. 

Equations have been derived at National Lead"’ 
for the prediction of dimensional changes and 
stresses in thick-walled, hollow cylindrical, 
uranium fuel-element cores during thermal- 
neutron irradiation. The equations provide a 
means for combining discrete preferred- 
orientation data obtained from a finite series of 
X-ray-diffraction measurements. A comparison 
of calculated stresses with the creep strength of 
uranium should determine whether a plastic so- 
lution is necessary. 

At General Electric," krypton ions were put 
into uranium foil at 40 kv. The rate and tem- 
perature of release of the krypton gas was stud- 
ied by the mass spectrometer. Evolution begins 
below 250°C and shows several peak rates. The 
temperature for release, in this case, is much 
lower than that found in other work on fission 
gases formed in si/u. 

The behavior of vacancies and fission-gas 
atoms in the uranium lattice has been studiedin 
Japan." It is shown that the processes for bubble 
formation depend upon the concentration of trap- 
ping sites and the irradiation temperature. By 
calculation it is shown that the swelling of ir- 
radiated uranium is least if the concentration 
of trapping sites is greater than 5 x 107°. 

An analysis has been made® of bubble forma- 
tion in irradiated fuels for the case where there 
is significant fission-gas solubility. It is shown 
that modes of bubble nucleation are not of pri- 
mary importance. Bubble spacing, however, re- 
mains a most important feature, and the analy- 
Sis suggests that spacing is strongly governed 
by the fission-gas diffusion coefficient and solu- 
bility where this solubility is not negligibly 
small. 

An analysis has been made*! of re-solution of 
fission gas during postirradiation heating of 
uranium, It is concluded that, for irradiated 
uranium, treatments such as thermal cycling or 
pressure cycling can affect the volume increase 
which occurs on subsequent high-temperature 
heat-treatment. On heating into the gamma range 
without such prior treatments, the observed 
volume increases can be interpreted quantita- 
tively in terms of a re-solution of gas from the 
smaller bubbles, which results in growth of the 
larger ones. From the analysis of this process, 
the energy of solution of fission gases ingamma 
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uranium between 880°C and the melting point is 
deduced to be about 1.5 ev. 

Postirradiation heat-treatment studies allow 
the product of the fission-gas solubility and dif- 
fusion coefficient to be readily determined ex- 
perimentally. A knowledge of this product per- 
mits an estimate to be made of the volume 
increase occurring during irradiation at tem- 
peratures where the solubility is not negligibly 
small. (F. A. Rough) 


Radiation Effects in Nonmetallic Fuels 


Further studies of xenon diffusion in UO, are 
in progress at Chalk River.” Diffusion tests 
conducted on specimens as sintered, after im- 
pregnation with small amounts of oxygen and 
after removal of this oxygen, suggest that the 
initial accelerated release often observed is 
primarily the result of oxidized surfaces. 

Diffusion coefficients of xenon in uranium 
carbides from 4.4 to 6.0 wt.% carbon have been 
measured. The results vary with composition 
and types of carbide in an unexplained fashion. 
D/a varied from 6 x 107'*/sec to as high as 
1.8 x 10~*/sec, depending on composition, etc. 

Experiments have shown that measurable 
quantities of natural xenon will enter UO, during 
irradiation from 10 to 400 Mwd/ton of uranium. 
The observed effect will not be significant in 
limiting pressure buildup; but, since it may be 
masking effects that may become significant at 
longer irradiations, additional longer experi- 
ments are being conducted. 

(F. A. Rough and J. B. Melehan) 
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Graphite 


Experiments are in progress at Hanford to 
evaluate the effects of production variables on 
the oxidation rate of graphite.’ One variable that 
appears to have great influence on the rate of 
oxidation is the amount of graphite impurities. 
Seven Samples varying in density, Aih purity 
particle size, and type of coke were oxidized at 
600°C in an air stream flowing at 2.5 cu ft/hr. 
The results of the test are summarized in 
Table II-1. 


fable II-1 OXIDATION OF GRAPHITE 
SPECIMENS! IN AIR AT 600°C 





Aih* purity Oxidation rate, 
( iphite typ ( ~ mg /(g)(hr) 

SP ] )27 25.2 

re ) =| 19 ? 

P 18.7 

Ct 60 16.0 

P-] 71 14.7 

CSI ).854 11.9 

SP +1, 4 
*Ir 


The dependence of oxidation rate upon purity 
is best illustrated by comparing SP-10andSP-7 
raphites. Both graphites have the same coke 
murce, particle size, and density. Both were 
rocessed identically except that traces of Fe,O, 
ere added to SP-10. This caused the Aih purity 
} drop from 1.10 to 0.671 andthe oxidation rate 
rise by a factor of 3.4. 
The effect of irradiation temperature on the 
traction rate of nuclear graphites is being 
udied at Hanford.’ In general, the transverse 
mtraction rate goes through a broad minimum 
tween the temperatures of 650 and. 950°C with 
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the least contraction occurring at approximately 
800 C. Needle-coke and CSF graphites showthe 
same effect but differ in magnitude. The trans- 
verse contraction rate of needle-coke graphites 
is approximately 0.6 that of the CSF rate at all 
temperatures. The results are shown in Table 
1-2. (J. Koretzky) 


rable I-2 CONTRACTION OF NUCLEAR GRAPHITES 
AT HIGH TEMPERATURES? 


Rate (arbitrary units)* 
Needle-coke CSI Bot 
Irradiation graphite graphite graphit 
temp (transverse) (transverse) (parallel) 
450 ).055 0.085 155 
500 0,040 0.065 124 
600 0.02: 0.035 ).065 
700 0.015 U.UZz ) 
R00 0.012 ).UZU 
00 0.014 ).025 
1000 0.021 0.035 
1100 0.038 0,060 
1200 0.07u »,100 
*The ‘‘arbitrary’’ units above represent 
in terms of per cent per 107! nvt (E > 0.18 Mev) wit 
dose estimated from computer calculatior ‘4 art 
trary unit of 0.01 is believed to represent a ntraction 
rate tween VU.U0] and 0.0026 per cent per LVOU Mwd 


Beryllium Compounds 


Thermodynamic calculations were carried out 
at Battelle on potential reactions of BeO with 
water vapor and nitrogen.’ Results of these cal- 
culations are summarized in Table II-3. Asa 
standard for comparison, it should be noted that 
a rate of loss of 0.25 mil/year is assumed per- 
missible. 


(J. Koretzky) 
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Table II-3 REACTIONS OF BeO WITH WATER 
VAPOR AND NITROGEN® 
Impurity Loss of 

Operating or Pressure, Vaporizing BeO, 
temp., °F coolant atm species mils/year 

1340 H,O ).00063 Be(OH), 0.36 

1500 H,O 0.00063 Be(OH), 1.7 

1700 H,O 0.00063 Be(OH), 12.0 

1700 H,O 0.023 Be(OH), 440.0 

2550 H,O 0.023 Be(OH), 2.4 x 10° 

2230 N, 1.0 Be,N, Nil 
Beryllium 


A general description of beryllium metallurgy, 
including occurrence of the ores, economic 
Statistics through 1959, production methods, and 
physical, chemical, and mechanical properties 
of the metal and some of its alloys appeared in 
the Second Edition of Rave Metals Handbook.‘ 
Lockheed® has issued supplement No. 3 (229 
references) to its survey of beryllium literature. 


Alloy Development 


The best alloy developed in a study® of beryl- 
lium alloys prepared by liquid-phase sintering 
had a nominal matrix composition of silver—6 
wt.’ aluminum-—3 wt.) germanium. This alloy 
showed an ultimate tensile strength of 130,000 
psi, a yield strength of 52,400 psi, and a total 


Table II-4 
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plastic deformation of 22 per cent. The modulus 
of elasticity was 2 x 10° psi, and the density was 
2.07 g4cm®. The matrix content of this material 
was calculated from the density to be about 3 
vol.. 


Purification of Beryllium 


The effect of impurities on the ductility of 
beryllium continues to occupy the attention of 
many laboratories. Before this question can be 
resolved, it is necessary to produce pure beryl- 
lium. Franklin Institute’~’ has succeeded in pro- 
ducing single crystals of beryllium that have an 
improved ductility (basal plane slip) of approxi- 
mately 50 times that of any beryllium produced 
thus far. Work is in progress to determine the 
elements primarily responsible for the custom- 
ary brittleness and to learn the effective con- 
centrations. Until recently, the highest purity 
for beryllium reported in the literature was de- 
scribed by Sinelnikov et al.'° and Amonenko 
et al.'! The latest publication™ of this group re- 
ports the production of beryllium 99.987 per 
cent pure, not counting carbon and oxygen. Al- 
though the oxygen was much lower than that re- 
ported earlier (see Table [-4), carbon and 
oxygen were still 0.02 and 0.04 per cent, re- 
spectively. The authors suggested that the oxy- 
gen originates in part from decomposition of the 
beryllia crucibles and the carbon from vacuum 
pump oil that passed a liquid-nitrogen trap. The 


M OBTAINED IN VARIOUS ATTEMPTS AT PURIFICATION 





Impurity, ppm 





Source of metal Fe Al Si Mn Mg Ca Na 


K Ni Cer Co C (total) 





<100 <25 


Hooper 55 <30 40 <1 30 
and Keen,® 
distillation in 

tantalum* 


. 0 
Sinelnikov,! 10 


double 
distillation in 
beryllia 
Pearsall,“ 
distillation in 
tantalum 
Kaufmann, 
distillation in 
beryllia 
Martin, ® 
zone refined 


110 20 20 <35 8 30 


15 200 < 100 20 30 30 


120 60 260 20 20 





<30 <3 6 (5) (25) (<10) 70 (150) 


10007 
400} 


10 5 10 
200] 


70 <50 50 50 10 
(calc.) 


1400 












*Numbers in parentheses refer to analyses of material pr 





+Obtained from Amonenko et al." 





jObtained from Ivanov et al.” 





oduced on other runs. 





the 
um 
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microhardness of the distilled acicular mono- 
crystals was about 130 kg/mm’, and the Brinell 
hardness of castings made from these crystals 
was 100 Hp. Meanwhile, Hooper and Keen," 
using a modification of the Russian distillation 
process to refine commercial Pechiney flake in 
tantalum equipment, obtained material from a 
single distillation that was lower in both carbon 
and oxygen than was material the Russians had 
obtained by multiple distillation. However, the 
total of iron, aluminum, silicon, copper, nickel, 
magnesium, lead, and nitrogen inthe Hooper and 
Keen distillate totaled 140 ppm compared to 97 
ppm reported by Sinelnikov et al. 


As part of an attempt to prepare pure beryl- 
lium by thermal decomposition of beryllium 
iodide, Nuclear Materials and Equipment Cor- 
poration is engaged in the preparation” of pure 
Bel,. 

In the United States, Mallett distilled beryl- 
lium in a beryllia crucible fitted witha tantalum 
condenser similar to the Russian equipment and 
produced high-purity metal. 


Fabrication of Beryllium 


Joining. A series of welding tests was made 
by the Budd Company" to determine the tension- 
shear properties obtainable from representative 
gauges and weld setups onberyllium. They found 
that a spacing for spot welds of * to */, in. in 
0.040-in. sheet is the minimum that can be used 
to avoid cracking. Sheet from the same starting 
thickness rolled to thicknesses below 0.040 in. 
was more difficult to weld. Preferred orientation 
appeared to be a big factor. Characteristically, 
cracks begin at the center of the weld nugget 
and propagate at approximately 120° intervals. 
The results obtained on thin (0.015 in.) sheet 


| were erratic, suggesting that mill practices in 
» reducing the gauge to below 0.020 in. may not 
| be satisfactory for resistance welding. 


Shrink fitting beryllium parts together by ex- 


| panding the outer member through heat to in- 
» crease its diameter so that the inner member 
/ can be put in place is the most common method 
| of joining beryllium in final assembly.’® On 


cooling, the outer member contracts and holds 


» the two pieces together. 


Brush Beryllium'’ reported that successful 


) atomatic welds, both with and without beryl- 
) liim filler wire, have been made using a d-c 
) Siraight-polarity power source. Postweld heat- 
: treatments at temperatures ranging from 825 





to 900°C appeared beneficial. Multiple-pass 
welds on thick material were not successful. 

In order to measure the neutron level of the 
Liquid Metal Fuel Reactor (LMFR), a detector 
must be placed in a thimble andinsertedinto the 
graphite core assembly. The approximate di- 
mensions of the thimble are 3 in. in diameter 
by 11 ft long by '% in. thick, with one end closed 
and the other flanged. Beryllium was chosen for 
the thimble because (1) it would not necessitate 
an addition of fuel to maintain criticality when 
inserted into the core assembly and (2) it has 
good resistance to corrosion by molten bismuth. 
The end cap and two or more lengths of tubing 
were successfully joined by tungsten-electrode 
inert-gas welding.”° 


Beryllium Extrusion, A bare extrusion proc- 
ess for producing a beryllium channel section 
has yielded very encouraging and reproducible 
results.” Both the billet temperature (1750° F) 
and the type of lubricant (glasses) appeared to 
be critical. The press was operated at a ram 
speed of 720 in./min. The high ram speed re- 
duced heat losses to the container and made the 
results so consistent that, for the first time, the 
effects of small variations in technique couldbe 
evaluated. 


Beryllium Forming. Brush QMV powder is 
presintered in a graphite mold to 90 to 99 per 
cent of theoretical density (5 hr in the vacuum 
at 1200°C) in a tube-making process.” The solid 
billet is then drilled, enclosed in a steel can, 
heated in air to 1050°C, and extruded with re- 
duction ratios that are generally less than 12 to 
1. After the steel jackets are removed, a hot- 
work die-steel plug type mandrel is then drawn 
through the tube to make the inside surface 
smooth and uniform. Colloidal graphite in oil is 
used as the lubricant. After cleaning, the tubes 
are annealed in vacuum at 750°C for 30 min and 
furnace cooled. A British patent” indicates that 
beryllium can be formed in air at temperatures 
below 750°C by supporting it with a ductile metal 
such as steel or aluminum to which the beryl- 
lium will adhere without welding. Beryllium 
sheet up to 0.080 in. thick can be formed at 630 
to 670°C over mild steei of twice the thickness 
of the beryllium. 


Physical Metallurgy of Beryllium 


Studies of binary and ternary alloys to deter- 
mine the stability of the beta phase in beryllium- 
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alloy systems were continued.”:** Tentative 
phase diagrams of the beryllium-rich portions 
of the chromium-, iron-, silver-, and silicon- 
beryllium systems were presented. In none of 
the ternary (beryllium-nickel-iron) or quater- 
nary (beryllium-nickel-cobalt-iron) alloys stud- 
ied was the beta-to-alpha transformation point 
depressed below about 1065°C. Rapid-strain- 
rate, high-temperature tensile tests on pure 
beryllium—8 at.% nickel alloy showed that 
neither was ductile at 1060°C, at which tem- 
perature no beta is present. At 1070°C the un- 
alloyed beryllium exhibited a tensile strength 
of 8000 psi and no ductility. The beryllium—8 
at."> nickel alloy, however, exhibited a 19 per 
cent reduction in area at 1070°C, at which tem- 
perature the alloy is all beta. 


Green and Sawkill”® explored the relation be- 
tween plastic anisotropy and ductility in beryi- 
lium between 20 and 400°C, They applied Stroh’s 
theory for the basal-piane fracture observed in 
zinc to beryllium. A qualitative explanation for 
the increase in ductility with temperature of 
polycrystalline beryllium was proposed. 


It was found that aging treatments of 24 hr at 
400°C improved the ultimate tensile strength 
and elongation of extruded beryllium rod but did 
not change the yield strength."® It was suggested 
that aging did not actually strengthen the matrix 
but merely removed sources of premature 
failure. 


Metallography of Beryllium 


Thin sections of beryllium for transmission 
electron microscopy can be prepared by direct- 
ing a fine jet stream of electrolyte in an elec- 
trolytic etching apparatus at the center of the 
specimen to reduce the thickness'® to 50 to 100 
u. The specimen as a whole is then electro- 
polished until the first breakthrough. The area 
around the hole is usually thin enough for elec- 
tron transmission. 


Jacquet?’ gave detailed metallographic proce- 
dures for preparing specimens of magnesium 
alloys, magnesium, and beryllium. These pro- 
cedures involve an electrolytic buffer and appear 
to offer advantages in simplicity and ease of op- 
eration. 

It is reported”® that an aqueous solution of 
copper sulfate containing a few hundred parts 
per million of copper will deposit copper at the 
grain boundaries of mechanically or electrolyti- 
cally polished specimens of beryllium. Copper 


is deposited also at subboundaries, showing mis- 
orientations across the substructure for both 
electron and light microscopy. 

A wide variety of beryllium specimens ranging 
from single crystals to finely polycrystalline 
material containing inclusions was studied by 
the point projection X-ray microscope.’ The 
Lighly divergent beam of X rays from a source 
1,. in diameter gave, on the same photograph, 
a microradiograph of the specimen with a reso- 
lution of ly and a divergent diffraction pattern. 
Together, these give information about the dis- 
tribution of heavier elements or cracks in the 
beryllium, the variation in perfection of crystal 
lattice, and, for a single crystal, the orientation 
and lattice parameters of the specimen. 

Additional evidence that some impurity which 
becomes soluble in beryllium at about 850°C 
and is precipitated on cooling was obtained by 
etching various specimens. These specimens, 
which included Nuclear Metals extruded bar, 
Pechiney extruded bar, and Brush hot-pressed 
block, were annealed for 24 hr at 900°C and 
water quenched or slow cooled at a rate of 
2°C/hr to room temperature. The quenched 
specimens on etching showed distinctly thick 
grain boundaries, whereas it was difficult to 
distinguish the grain boundaries of the slow- 
cooled specimens by etching, although a con- 
Siderably greater amount of precipitate was 
scattered throughout the grains.* 

Preliminary electron-micrographic studies of 
oxidized beryllium suggest a penetration of oxy- 
gen along crystallographic planes of the metal. 
Similar observations with tantalum have been 
attributed to either dislocation-enhanced diffu- 
sion or dislocation-aided nucleation.’ 


Mechanical Properties of Beryllium 


A handbook intended to provide a single source 
of reliable data for direct use in the design of 
parts fabricated from beryllium was issued by 
Lockheed.*® Included are data on basic mechani- 
cal and physical properties of beryllium; joint 
and fastener properties; fatigue, impact, and 
dynamic modulus; and fabrication methods. 

After determinations of notch sensitivity or 
beryllium block and sheet were made, it was 
observed that, although beryllium may not be 
considered insensitive to stress concentrations 
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it 1s no worse in this respect than some of the 
other high-strength alloys which are currently 
being applied successfully in aircraft and mis- 
sile design.”' 

A notched specimen of hot-pressed, hot- 
extruded beryllium cyclically stressed at 9000 
psi was reported” to last about 52hrat 1100°F, 
whereas an unnotched specimen of the same 
material under a static stress of 9413 psi at 
1100°F lasted only 0.83 hr. It was concluded 
that, from a design standpoint, beryllium ex- 
hibits its best behavior and highest strength 
under fatigue loading conditions and is weakest 
under static loading conditions. Some doubt may 
be raised about these conclusions, however, 
since it is not clear that the surface conditions 
of the specimens were equivalent. Another re- 
port* on fatigue tests carried out to 100 million 
cycles on hot-pressed block and 10 million cy- 
cles on '4-in.-thick sheet at various values of 
Kk, showed that the average ratio of the endur- 
ance limit to the ultimate tensile strength was 
about 0.7. Sheet specimens showed an increase 
in fatigue strength between 50 and 75 per cent 
over those machined from QMV hot-pressed 
block. . 

A study of the mechanical properties of beryl- 
lium sheet with various surface finishes em- 
phasized the importance of etching to remove 
surface defects caused by machining. Ductility 
was low in all cases, being limited by the pres- 
ence of notches and preferred orientation in the 
sheet. Impact tests were found to be the most 
Suitable means to distinguish between the quality 
of various surfaces.” 

The stress-rupture properties of several 
grades of beryllium tubing were determined, 
and the tentative curves shown in Fig. II-1 were 
obtained. The tubing produced by machining 
from hot-pressed block exhibited the highest 
stress-rupture strength, although the ductility 
of these tubes was considerably lower than 
that of comparable extruded tubes from other 
manufacturers. 

Edgewise compression tests on honeycomb 
panels with beryllium skins 0.040 and 0.020 in. 
thick separated by cores of stainless steel ', in. 
high showed failures*’ at about 30,000 psi. Sev- 
eral reports on elevated-temperature proper- 
thes of beryllium have recently become availa- 
bie. These included data on stress rupture and 
creep of Brush QMV beryllium and material 
vith a high-oxide content from room tempera- 
ture to 1500°F,°*? and data on tensile, com- 
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Fig. Il-1 Stress rupture of beryllium tubes™® 
600°C. A, machined from hot-pressed biock, 
Beryllium Co. B, machined from warm-extruded rod, 
brush Beryllium Co. C,warm extruded, Brush Beryl 
lium Co. D, Pechiney. E, Imperial Chemica! Indu 


tries. F, Chesterfield. 


pressive, and shear properties for various 
Strain rates over the temperature range of 800 
to 1500° F.58° 

Bernett*® reported the short-time tensile 
properties of hot-cross-rolled beryllium sheet 
and vacuum-pressed block at temperatures up 
to 1500 F and high-stress creep properties in 
the same temperature range. The author con- 
cluded that, for short-time application at tem- 
peratures up to about 900° F, the creep rates of 
beryllium sheet and block materials are insig- 
nificant at even the maximum operating stress 
levels. As the temperature rises higher and 
higher above 900 F, creep becomes an increas- 
ingly critical design factor. 

In work sponsored by Lockheed,*® the thermal 
conductivity of seven commercial beryllium 
specimens was redetermined. The values rangea 
from 104 to 83 Btu/(hr)(ft)(°F) at 200° F and 
from 44 to 39 Btu/(hr)(ft)(°F) at 1900°F, de- 
pending on the BeO content and fabrication fac- 
tors. The correlation between the electrical 
resistivity and thermal conductivity was good 
over this entire temperature range. 

Anisotropy of electrical resistivity occurs 
near absolute zero in an extruded beryllium flat 
(Table II-5). Since anisotropy of resistivity at 
absolute zero cannot depend upon crystallog- 
raphy per se, it is postulated that it must be 
caused by (1) a preferentially precipitated im- 
purity network occurring on a plane parallel to 
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Table I-5 EFFECTS OF TEMPERATURE ON 
ELECTRICAL RESISTIVITY OF SAMPLES TAKEN 
FROM AN EXTRUDED BERYLLIUM FLAT*® 











Resistivity and standard deviation referenced 
< to the extrusion direction, wohm-cm 
Temp., 
*K Perpendicular 30° angle Parallel 
303.88 4.602 + 0.0051 
303.28 5.262 + 0.0078 x 
298.93 ~- 4.344 + 0.0028 
190.6 2.418 + 0.0046 2.075 + 0.0034 1.987 + 0.0028 
77.28 1.073 + 0.0046 0.890 +0.0015 0.845 + 0.0041 
4.2 1.012 + 0.0025 0.791 + 0.0015 





the basal plane or (2) the elongated grain struc- 
ture in the extruded flat which presumably pre- 
sents a greater concentration of high-resistance 
grain boundaries perpendicular to the basal 
planes than parallel to these planes.‘* Analysis 
of the thermal and electrical resistivity of 
beryllium at low temperatures shows that a re- 
actor exposure of 10'° nvt (fast) should decrease 
the thermal conductivity of beryllium by ap- 
proximately 0.04 watt/(cm)(°K) at temperatures 
of 20 to 30°K. Both high- and low-purity beryl- 
lium should be affected similarly. Warming to 
250°K should cause rapid and complete annealing 
out of the radiation-induced change of thermal 
conductivity. "! 


Corrosion of Beryllium 


The compatibility of beryllium with water 
vapor is being studied®® at 600°C in flowing he- 
lium containing approximately 4 vol.’, H,O. The 
log-log plot of the weight change against time 
gave two straight lines intersecting at approxi- 
mately /=5 hr. The first part of the curve in- 
dicates the formation of a nonprotective film; 
the second part indicates the formation ofa pro- 
tective film. It appeared that the initial slope 
of the curve was due to the hydrolysis of Be,C 
and that the sample was completely decarburized 
in 5 hr. (W. Hodge) 


Solid Hydrides 


On the basis of a study of internuclear dis- 
tances in hydrides, made recently at Tufts Uni- 
versity,** it has been concluded that there is no 
sharp difference betweenthe “saltlike” hydrides 
and those of transition metals. An ionic model 
and one utilizing delocalized covalent bonding 
fit equally well. In the ionic model the H™ ion is 


found to have a radius of 1.29 A, assuming a 
coordination number of 4, whereas the single- 
bond radius for hydrogen is 0.37 A in the cova- 
lent model. 


Zirconium Hydride 


Thermal-expansion studies at Los Alamos*® 
have shown that, for the delta-hydride phase, 
the average linear-thermal-expansion coeffi- 
cient is 2.98 x 10~°/°C for the temperature 
range 24 to 362°C. The data were obtained by 
X-ray-diffraction techniques. In the epsilon- 
hydride phase, a value of —1.4 x 10-*/°C was 
found in the a direction and 30.6 x 107*/°C in 
the c direction. The average of 9.3 x 107°/°C 
for randomly oriented polycrystalline material 
agrees reasonably well with that previously re- 
ported by Yakel“ and by Goon.*® 

(H. H. Krause) 
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Control-Material Compounds 


and Dispersions 


General Electric’ has reported the results of 
compatibility studies of boron compounds dis- 
persed in titanium, iron, zirconium, stainless 
steel, nickel, copper, silver, andaluminum. The 
diborides, HfB,, TiB,, and ZrB,, were found to 
be least reactive, but all borides reacted toa 
certain extent with iron, nickel, zirconium, 
titanium, and stainless steel at 1000°C. The most 
severe reactions occurred between B,C, YB,, 
CuB,, EuB,, SmB, or YBg, and nickel, iron, or 
Stainless steel. No reaction was reported for 
any of the borides or copper at 1000°C, silver at 
950°C, or aluminum at 550°C. 

Helium-release measurements have been used 
at Bettis’ on slightly irradiated B,C to derive 
equations for computing the diffusion coeffi- 
cients. Calculations were made assuming both 
uniform and nonuniform distribution of the he- 
lium. The results are shown in Table III-1. 


Table 1-1 HELIUM DIFFUSION 
COEFFICIENTS IN B,C 





Geometric area D, 











cm*/sex Gas adsorption 
area 
Nonuniform 
Temp., initial He Uniform He Uniform 
*S distribution distribution distribution 
600 2.4x107% 9,2x10~" 3.2 x 1078 
700 9.2x10°% 2.4107" 8.2x10°% 
800 5.6 x 107"! 1.0 x 107" 3.6 x 107'3 
1000 1.6107" 1.5107" 5.1 x 107% 





_ Phase equilibria in the boron-carbon system 
are being investigated at Armour.’ For tem- 
peratures ranging from 1500 to 2000°C, boron 
carbide has a reported solubility ranging from 
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20 to 10 at.% carbon. The melting point of the 
carbide-graphite eutectic was reported as 2325 
to 2350°C. The solubility of carbon inboron was 
very small, and the melting point of dilute car- 
bon alloys could not be distinguished from that 
of boron (2040 to 2050°C). 

Techniques have been described‘ which are 
applicable for production of nickel-boron cer- 
mets containing from 5 to 60 wt.'{ nickel. Pow- 
ders are blended, cold pressed at 10 tsi, and 
then hot pressed at 1950°C in boron nitride- 
lined graphite dies. In this way, compacts were 
produced containing 10 wt.’% nickel with a boron 
density of greater than 1.9 g/cm’. 

Atomics International’ found that a 1000-hr 
heat-treatment at 1800°F in vacuo had essen- 





2500 


2300 


2100 


1900 







| } 
| 
—_—>—_—__+— ——— 4 
| 
} 
| 


Temperature, °C 


1700 











1500 +— 1420+ 10 — 
* 
Poppy | 3 
1300 i i a ih a | i i 
O 10 20 30 40 50 60 70 80 90 i00 
COMPOSITION, MOLE % 
Fig. II{f-1 BeO-Sm,0, phase diagram® in the regior 
1300 to 2500°C. 








5 
t) 


at 








NUCLEAR POISONS 


2008 Reet Tr" T : a ioe Sas 7 


2406 


C 
Nn 
™ 
.°) 
Oo 





nN 
1) 
° 
1°) 


Temperature, ° 


1800 


} 
+ 41 


1490+ IO 
j | 

| i | | i | 

Oo 1 20 30 40 50 60 70 80 930 100 


COMPOSITION, MOLE % 


600 —— 











| 
Tee 

a 

aI 


14400 





Fig. 111-2 BeO-Gd,O, phase diagram® in the region 
300 to 2500°C. 


tially no effect on Multimet, Hastelloy X, type 
347 stainless steel, and Haynes alloy 25 in con- 
tact with a mixed rare-earth oxide (50 per cent 
Gd,O,;—50 per cent Sm,O;). Slight oxidation of 
Inconel X and a somewhat heavier oxidation of 
titanium were observed. 





th 


The systems BeO-Sm,O, and BeO-Gd,O, have 
been investigated.° Phase diagrams are re- 
ported in Figs. MI-1 and II-2. 

(G. W. Cunningham 
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Corrosion 
Niobium Corrosion 


The effects of irradiation on the oxidation behav- 
ior of niobium have been studied at Oak Ridge.' 
Neutron dosages up to 10” nv have no measur- 
able effect on the oxidation rate or the nuclea- 
tion process associated with oxidation at 400°C. 

Crystalline Nb,O; was produced at 96°C dur- 
ing anodic oxidation of niobium, according to 
Lakhiani and Shrier.” In contrast, recent Nor- 
wegian work’ showed that Nb,O; is formed only 
above 400°C during gaseous oxidation. Presum- 
ably, Nb,O,; is stable to temperatures at leastas 
low as 96°C, andthe unidentifiable oxides formed 
during gaseous oxidation below 400 C are meta- 
stable. 

Studies at General Atomic‘ indicate that nio- 
bium and niobium alloys are probably unsuit- 
able for use in the unclad, graphite-moderated 
version of the Maritime Gas-Cooled Reactor 
(MGCR). This reactor utilizes argon as a cool- 
ant, but trace amounts of CO and CO, in the 
argon cause embrittlement of niobium. Inargon 
containing only 1 ppm CO,, niobium was em- 
brittled in 100 hr at 820°C. Binary alloys con- 
taining 1 to 5 wt.% zirconium or 5 to 20 wt.% 
titanium are alsoembrittled. Under carburizing 
conditions, niobium forms an adherent protec- 
tive carbide. 

The low-pressure, high-temperature oxida- 
tion studies at Oak Ridge* continue to indicate 
that alloying effects vary with gas pressure. 
Binary niobium alloys containing small per- 
centages of tin and palladium oxidize as fast as 
unalloyed niobium at 1200°C at an oxygen pres- 
sure of 5 x 107~‘ mm. However, an alloy of 
niobium-—25 wt.% titanium—5 wt.% aluminum 
oxidized three times faster than niobium. This 
alloy is reportedly 100 times more oxidation 
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resistant than niobium in 1 atm of air. Thus 
oxidation-resistant niobium alloys may be even 
less attractive than unalloyed niobium for use in 
relatively inert atmospheres, suchas the argon- 
CO, atmosphere evaluated by General Atomic in 
connection with the MGCR. 


Tantalum Oxidation 


The internal oxide platelets that form in 
tantalum during oxidation have been found to 
penetrate parallel to the (320) planes.® This 
finding is in apparent cunflict with the previous 
observation by Bakish’ that these platelets form 
on the (100) planes. Oak Ridge identified poly- 
crystalline TaO as one platelet constituent. 


Sylcor® has developed a tin-aluminum hot-dip 
coating that protects tantalum from oxidation for 
several hours up to 3000°F. The coating con- 
sists of TaAl, and a tin-aluminum phase which 
is liquid at elevated temperature. Battelle® has 
determined that silicide andaluminum-modified 
silicide coatings protect tantalum alloys for 
periods up to 8 hr at 2700°F. These coatings 
are applied by pack cementation and appear to 
form a glassy oxide upon exposure. 

(W. D. Klopp) 


Corrosion of Base-Metal Alloys 
(Iron, Nickel, Cobalt) 


Investigation of attack on Hastelloy X and 
Inconel in various environments associated with 
gas-cooled reactors was continued at Aerojet- 
General.'® Tests in 99.5 per cent nitrogen—0.5 
per cent oxygen at a temperature of 1750 F anc 
a pressure of 300 psi were extended to 7500 hr 
Hastelloy X continued to show good oxidation re 
sistance, e.g., 1.5-mil penetration in referenc« 
gas and 2 mils in air. After 7500 hr in the ref- 
erence gas at 1750° F, Inconel showed intergran- 








~~ nme -_> a. A _ 


Sa Mm OG SS =! ws ee Oe 





to 
1is 
us 
rm 


dip 
for 
on- 
ich 
has 
fied 
for 
ngs 
r to 


pp! 


a It) 
and 
with 
yjet- 


anc 
)hr 
1 re 

enc 
ref- 
ran- 








CLADDING AND STRUCTURAL MATERIALS 29 


ular penetration to a depth of 5 mils. Exposure 
of Hastelloy X to high-purity nitrogen or 99.9 
per cent nitrogen—0.1 per cent CO resulted in 
nitriding and extreme loss of ductility (1 to 3 
per cent elongation at room temperature) after 
2500 hr. After similar exposures in air on the 
reference gas, 31 to 33 per cent ductility was 
retained. 


Inconel 702, Inconel X, René 41, M252, and 
Haynes 25 were coated with KCl or LiF salt and 
oxidized in the 1600 to 1900° Ftemperature range 
under stress in a program at Crucible Steel 
Company of America.'' The Haynes 25, René 41, 
and M252 showed the best creep-strength re- 
tention; on this basis the Inco alloys were con- 
siderably inferior. Little corrosion was ob- 
served in the absence of air. With air present, 
the salted materials did not form their normal 
protective scales, and general corrosive attack, 
intergranular penetration, and internal void for- 
mation were all operative corrosion mecha- 
nisms. Inconel, when exposed in a fused-salt 
bath (1472°F) for 50 days, exhibited selective 
corrosion of chromium and iron from the sur- 
face.” 


Corrosion of Miscellaneous Metals 
(Chromium, Magnesium, Yttrium) 


A recent AEC report” reiterated the benefits 
derived in chromium through yttrium additions, 
i.e., radically improved air-oxidation resist- 
ance and room-temperature ductility. 


Contained in a recent UKAEA monograph" 
are data on gaseous and aqueous corrosion of 
magnesium and its alloys. This is a convenient 
source of reference data and includes informa- 
tion on corrosion and ignition temperature in 
oxygen, air (dry and moist), CO,, and pond water. 
Galvanic coupling effects are illustrated. Of par- 
ticular note is that the ignition temperature of 
magnesium decreased by 60 to 180°F through 
coupling with nickel, brass, or aluminum. 

Striking effects of metal purity on the oxida- 
tion behavior of yttrium were demonstrated at 
Ames Laboratory.’ High-purity (99.9 per cent) 
yttrium formed a thin, adherent, dark oxide dur- 
ing air oxidation for 24 hr at 1652° F. Com- 
mercially pure yttrium, exposed inlike manner, 
exhibited a voluminous, powdery, nonadherent 
Scale. The addition of 5 per cent beryllium im- 
proved the oxidation resistance of yttrium. 

(E. S. Bartlett) 


Corrosion by Liquid Metals and Fused Salts 


A program involving corrosion experiments 
with boiling potassium is in progress at Oak 
Ridge to provide information about the corro- 
sion resistance of iron-, nickel-, cobalt-, and 
niobium-base alloys. In refluxing-capsule ex- 
periments in which potassium is maintained at 
1500 and 1600°F, a trend showing weight loss 
for specimens located in the vapor zone and 
weight gain for liquid-zone specimens has been 
found. Inconel (nickel base) has exhibited less 
corrosion than type 316 stainless steel (iron 
base) or Haynes alloy No. 25 (cobalt base).° 
After 3000 hr of operation at a maximum tem- 
perature of 1600°F, a circulating boiling and 
condensing system fabricated of type 316 stain- 
less steel displayed a maximum attack of2 mils 
at the liquid-vapor interface in the boiler and 
about 3 mils of mass-transfer deposits in the 
cold zone. Circulating systems are being con- 
structed of Haynes alloy No. 25andofa niobium- 
zirconium alloy. 

Pumping-loop studies to determine the long- 
time corrosion behavior of Inconel and INOR-8 
exposed to fluoride salt mixtures of interest to 
the Molten-Salt Reactor Program at Oak Ridge 
are continuing. It was reported’® recently that 
an INOR-8 loop which ran for nearly 20,000 hr 
displayed no evidence of attack of either hot- or 
cold-zone surfaces, although there was a small 
metallic deposit in one cold-zone area. Operat- 
ing conditions for this system included: salt 
mixture, NaF-LiF-BeF, (27-35-38 mole ‘c); 
peak temperature, 1200 F; temperature differ- 
ence, 150 F; Reynolds number, 3000. 


Zirconium taken from the Sodium Reactor 
Experiment (SRE) was examined’® in terms of 
properties and characteristics after significant 
exposure at reactor operating temperatures 
(500 to 950° F). In the SRE, zirconium is used 
as a cladding material with sodium on one side 
and graphite on the other. In general, the mate- 
rial was virtually unchanged, although increases 
in oxygen and hydrogen content (to maximum 
values of 3300 and 1000 ppm, respectively) were 
noted. The sodium probably contributed the oxy- 
gen and part of thehydrogen. The hydrogen pro- 
duced some loss cf ductility at room tempera- 
ture, but, at 200° F and above, the ductility 
appeared to be about the same as that of as- 
received material. Prior laboratory data indi- 
cate the possibility that fatigue life might be 
somewhat reduced by the oxygen impurity. 
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A summary of thermodynamic-property data 
for sodium and sodium vapor at temperatures 
in some cases as high as 2600 K has been pre 
sented.'’ Existing data were refined by exten- 
Sive analysis of monomer and dimer effects ir 
order to arrive at values for the vapor phase 

A treatise on embrittlement by liquid metals 
has been published." (J. H. Stang) 


Metal-Water Reactions 


The experimental program to determine rates 
of reaction of molten reactor fuel and cladding 
metals with water is continuing at Argonne ss 
The principa! laboratory-scale method involves 
the rapid melting and dispersion of metal wires 
in a water or steam environment bv a surge 
current from a bank of condensers. Currently 
reported is a series of runs with 60-mil zirco- 
nium wires carried out in a new high-pressure 
reaction cell. Solid zirconium at temperatures 
near the melting pont reacted (with room- 
temperature water at its vapor pressure of about 
0.5 psia) to the extent of 4 to 5 per cent. At 
saturated vapor pressures of from 5 to 230 psia, 
8 to 9 per cent reaction occurred. Liquid metal 
at the melting point gave about 8 per cent reac- 
tion with room-temperature water, whereas 30 
per cent reaction was observed at pressures 
from 16 to 140 psia. 


The results indicate that the over-all reaction 
depends strongly on the pressure of water vapor 
up to some point between 0.5 and 5 psia. A fur- 
ther increase in pressure causes no additional 
reaction. This limit suggests that the reaction 
becomes controlled by the transport of water 
vapor through a film of hydrogen generated by 
reaction. This latter process would be expected 
to be relatively independent of pressure. 


Additional in-pile experiments in TREAT have 
also been conducted by Argonne.'* Each tran- 
sient with oxide-core pins resulted in rupturing 
and melting of the Zircaloy-2 jacket. The ex- 
tent of metal-water reaction increased from 4.1 
to 14.1 per cent as the reactor bursts became 
more energetic. It was concluded tentatively 
from results of runs with the oxide-core, metal- 
clad pins thai the Zircaloy-2 jacket ruptured 
and melted more readily than the stainless- 
steel jacket. By comparing runs with clad and 
unclad cermet-core pins, it was also noted that 
dispersion of the fuel into particles is favored 
by the use of a jacket. 





MATERIALS 


Another series of six metal-water transient 
irradiation experiments in TREAT with uranium 
wires was conducted.’® The wires were 93 per 
cent enriched uranium with diameters of 34 and 
64 mils. Reactor periods of 304 msec or less 
resulted in melting of the wires, andthe uranium 
attained temperatures of about 1500 C with ex- 
tensive formation of particles. One run with a 
bundle of three uranium wires to simulate a 
fuel-element cluster resulted in 12.9 per cent 
reaction. The three wires fused together. and 
some fine particles were produced. An experi- 
ment’ with a single fully enricheduranium wire, 
34 mils in diameter, gave 28.3 percent reactior 
with complete conversion of the metal into par- 
ticles. 

Metal-water reaction experiments have beer 
reported’! for molten aluminum and molten 
aluminum —23.40 wt.% uranium alloy reacting 
with water vapor at essentially atmospheric 
pressure. Rates were determined by an auto- 
matically recording thermobalance; the experi- 
ments were performed over periods of 2 hr at 
constant temperatures between 15(0 and 2300 F. 
It was determined that the reaction follows a 
linear rate law. The data for these experiments 
are shown graphically for the aluminum-uranium 
alloy.”* Values for the rates of reaction in- 
crease rapidly from about 2 g/(cm’)(sec) at 
1500°F to about 10 g/(cm’)(sec) as a maximum 
at 1600°F. Above this temperature the reac- 
tion rate slowly decreases to a value of less 
than 2 g/(cm*)(sec) at 2200° F. 


Calculations performed”’ for the aluminum - 
23.40 wt. uranium alloy indicate that, for con- 
ditions of no heat loss, a 0.01-cm-diameter 
molten particle would increase from 1600 to 
1700°F in slightly over 2 min. This suggests 
that the reaction of molten aluminum-uranium 
alloys with water vapor at near atmospheric 
pressure does not constitute an explosive haz- 
ard in the operation of nuclear reactors. 

(A. W. Lemmon, Jr.) 


Radiation Effects 
in Nonfuel Materials 


Defects: Structure and Properties 


Metlals. 


Focusing collisions in copper, sil- 
ver, and gold irradiated with 0.3-Mev protons 
and 10-kev ions of argon and xenon have been 
explained interms of three different processes.” 
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The first is a focused atomic collisionin «110 
directions where the momentum is transferred 
due to the geometric properties of the close- 
packed lines. No mass transfer is thought to 
»ccur in this process. Experiments showa max- 
imum range of about 350 Ain gold. The other 
two events, which occuralong <100> and «111 

directions, are thought to consist of successive 
replacements of the target atom by the projec- 
tile. The focusing here is due to the ring of 
atoms which circle the projectile’s path. Pre- 
dictions and experiments indicate a maximum 
range in copper of 35 A forthe <100>and120 A 
for the <111> events, and in gold, 50 A for 
100> and 300 A for<111 

Granato and Nilan*‘ have measured the stored- 
energy release of deuteron-irradiated copper. 
Deuterons of 11 Mev were used for the irradia- 
tion to a total dose of about 10'° deuterons/cm’ 
in a specially designed calorimeter. Heat losses 
were minimized by using small samples andthe 
relatively rapidanneal rate of 2 K/min. Anneal- 
ing was studied from about 25to80°K. Thenor- 
malized energy released was 0.83 cal/g to an 
accuracy of about 10 per cent. Using the data 
presently available, this energy release corre- 
sponds to a resistivity of 2.6 uohm-cm/1 per 
cent F. P. (Frenkel pair) with 1.2 atomic voi- 
umes per Frenkel pair. Other comparisons with 
recent annealing work at these temperatures 
serve as a basis for identifying the various an- 
nealing peaks. The agreement between experi- 
ments is also discussed. 

Energy release in neutron-irradiated copper 
(1.7 x 10°° fast neutrons at 40°C) between 600 
and 700 K has been measured by means of nu- 
clear heating.”® If the value 7.7 cal/mole is 
used for energy released after the irradiation, 
it is possible to estimate the number of defects 
annihilated. The assumption is that the anneal- 
ing results from the migration and then annihi- 
lation of a single defect. When this method was 
used, the results calculated to account for the 
observed energy release were 5 x 10'*/mole 
interstitials, 2 x 10°°/mole vacancies, 4 x 10" 
mole interstitial-vacancy pairs, and 1 x 10” 
cm/mole dislocations. Blewitt*® and others have 
also reported on the hardening effects of neu- 
tron damage in copper. Their results seem to 
Support a dislocations locking mechanism but 
tre not conclusive as yet. Makin and Minter’’ 
nave also studied irradiation-hardened nickel 
as well as copper. Meager results support 
seeger’s theory based on the dislocation lock- 
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ing mechanism due to generated obstacles. The 
dislocation hardening component is shown to be 
independent of temperature in copper but not 
nickel. They make no conclusions as to the 
mechanism of formation of the obstacles. Va- 
cancy loops formed during neutron irradiation 
of copper and nickel are used by Greenfield and 
Wilsdorf*® to explain radiation hardening. Doses 
up to 2 « 10! nvt at 70°C produced loops from 
50 to 250 A. 

Neutron-radiation-enhanced diffusion in cop- 
per at 425°C has been studied by Goland’’ by ob- 
serving helium-gas precipitation at grain bound- 
aries according to methods developed by Barnes. 
This temperature in copper is below the temper- 
ature for self-diffusion so that the vacancies 
produced during irradiation are necessary for 
the gas precipitation. The size of the voids pro- 
duced here is equal to the size of those produced 
at higher temperatures in unirradiated speci- 
mens. It is hoped that further work will allow a 
more quantitative analysis of the enhanced diffu- 
sion. 

Annealing of neutron damage has been ob- 
served’ in copper as low as 7.2°K. In studying 
the kinetics of annealing in neutron-irradiated 
copper and aluminum below 40°K, Blewitt, Colt- 
man, and Klabunde observed a monotonic in- 
crease in activation energy with temperature. 
Both the isothermal and the change-in-slope 
method were used to measure the activation en- 
ergies which turned out anomalously high. They 
concluded that the activation energy for the an- 
nealing in this range is not unique, and hence the 
analysis of the rate equation does not apply un- 
der these conditions. 

Deuteron irradiation of tungsten shows a rate 
of damage almost proportional to 1/£, where / 
is the energy of the incident deuterons.”' This 
indicates that the mechanism necessary to ex- 
plain secondary-defect production must have a 
weak energy dependence when averaged over a 
coulomb energy spectrum. For example, hard- 
sphere potentials yield an energy dependence of 
the form (1 +I1nc£), where « depends on the 
masses of the deuterons and target. 

Vacancy annealing in body-centered cubic 
metals has been discussed” in a survey on the 
mechanical properties and radiation damage in 
body-centered cubic transition metals. Mechani- 
cal deformation near room temperature will pro- 
duce lattice vacancies. Electrical-resistivity 
measurements show that these defects have an 
activation energy for diffusion of 1.0 ev for nio- 
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bium, 1.3 ev for molybdenum, 1.35 ev for tanta- 
lum, and 1.7 ev for tungsten. Similar results 
are obtained in neutron-irradiated niobium, 
molybdenum, and tungsten. Vacancy annealing 
in niobium and molybdenum is accompanied by 
an increase in yield stress. 

Divacancy migration has been observed inir- 
radiated molybdenum*® in the range of 200 to 
400°C. There is also strong evidence in this 
temperature range for lattice interaction with 
interstitial lattice atoms, dislocations, and in- 
terstitial impurity atoms. Studies in copper 
show that the increase in residual resistivity 
can be explained in terms of the buildup of for- 
eign atoms due to transmutation. 

Annealing of neutron damage to doses of 10" 
nvt (fast) has been studied* in iron irradiated 
from 35 to 78°K. Resistivity is measured at 
20°K after various anneals. Two processes have 
been studied, the first at 100 K with an activa- 
tion energy of 0.22 ev and the second at 200°C 
with an activation energy of 1.4 ev. 

Niday® reports the range of 28 different fis- 
sion products in metallic uranium. Radiochemi- 
cal measurements of the amount of material 
leaving the surface are used to inferthe ranges. 
Specifically, the mean range of a cer*ain mass 
chain is found. The results agree with a semi- 
empirical formula between the ranges and the 
initial velocities. Reliability of this method is 
discussed, and the results are reported to lper 
cent. Plots of range versus mass number show 
a definite lowering in total kinetic énergy re- 
lease (seen as a reduction in range) for U*** in 
the region of nearly symmetrical fission (mass 
numbers 104 to 130). Peaks appear inthis curve 
at mass ratio of 1.25 which are very similar to 
the peaks in the fission-yield versus mass- 
number curve. This peaking of total kinetic 
energy released is also observed by other ex- 
perimenters in ionization-chamber studies and 
direct velocity measurements. These results 
are not readily explainable with present theories. 

Ranges of 2- to 60-kev recoil atoms of copper, 
silver, and gold have been measured by foil- 
sandwich techniques.** The recoils were pro- 
duced by photoneutron reactions so that their 
energy could be varied by changing the brems- 
strahlung energy and angle of incidence, rela- 
tive to emission of the photons. The results 
were fitted to a theoretical model of Holmes and 
Liebfried for the range-energy relations sothat 
the arbitrary constant now has an experimentally 
determined value. Rates of energy loss of car- 


bon and oxygen ions passing through carbon, 
aluminum, nickel, silver, and gold absorbers 
have been measured in the energy interval*’ of 
0.36 to 3.2 Mev. The results are reported to 
about 5 per cent and compared with theory. 
Ranges can be determined by numerical inte- 
gration. 


Rare-gas ions were accelerated up to 40 kv 
into metal films and foils.** No lattice dis- 
tortion was observed with X rays even when 
2 at.% argon was loaded into the metal lattice. 
This suggests that rare-gas ions coming to rest 
in such a lattice capture vacancies. Heating the 
bombarded foils in a mass spectrometer re- 
vealed interesting variations between different 
metals and gas ions. Further work incorporat- 
ing these two techniques seems very promising 
for the study of rare gases in crystals. 


The disoriented crystallites formed in the 
surface of silver crystals** during 130-ev argon 
positive-ion bombardment have now been studied 
at bombarding temperatures from 100 to 400°C 
and at various current densities of positive ions. 
The range of the angles occupied by disoriented 
crystallites decreases as either the tempera- 
ture of bombardment increases or the ion cur- 
rent decreases. The results suggest that an- 
nealing effects are accelerated by the presence 
of point defects produced during theirradiation. 
Conclusions are drawn with regard to cleaning 
surfaces by ion bombardment. There appears 
to be no new texture structure induced by an- 
nealing. However, surface perfection should be 
sought by means of high-temperature, low- 
current-density bombardments. 

Ferromagnetic relaxation behavior in irradi- 
ated nickel*® was used to measure an activation 
energy of 0.81 + 0.01 ev with an interstitial- 
atom-migration energy of 1.02 + 0.03 ev. The 
damage was produced at 25°C withan integrated 
flux of 4 x 10'" nvt (fast) for 4 hr. 


Defects in Metal Alloys. Ogilvie*! discusses 
the surface effects produced in metals and metal 
alloys by bombardment with inert-gas ions hav- 
ing energies up to 4 kev. Metal atoms are re- 
ported to be knocked off the surface in preferred 
directions. It is also shown that metal atoms 
are driven into the material. Results of argon 
bombardment of Cu,Au show a uniform surface 
layer that is rich in gold. The gold concentra- 
tion decreases with gas-ion energy, being 68 at.‘ 
for 30-ev argon ions and 45 at.% for 3-kevions. 
X-ray data indicate the high uniformity of this 
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damaged layer which suggests the necessity of 
a rapid discontinuity at some transition point in 
order to return to the original concentrations. 
Similar results are obtained with helium and 
xenon ions for bombarding energies inthe range 
14 ev to 3 kev. 

Kernohan and Wechsler” have extended their 
studies of neutron-irradiated copper—15 at.” 
aluminum alloy from irradiation temperatures 
of 45 to 250°C. A metastable state below 200°C 
is eliminated by the enhanced atomic mobilities 
after irradiation. The activation energy for mo- 
tion remains constant at about 0.5ev. These re- 
sults are compared with previous results of 
lower temperature irradiations. 


Magnetic properties of 29 alloys of nickel, 
silicon, aluminum, and cobalt with iron were 
studied after a neutron irradiation of 1.7 » 
10"/cm? (total) at 50°C. The anisotropy of 
highly ordered crystals, such as iron, nickel, 
silicon-iron, and low aluminum-iron, remains 
unchanged. Crystals of the highly disordered 
systems, nickel-iron, cobalt-iron, and high 
aluminum-iron, show a variation of anisotropy 
often corresponding to a decreaseinorder. The 
magnetostriction constants change, and their 
variation cannot be described interms of order- 
ing phenomena. The conclusion is reached, 
therefore, that at least two mechanisms are 
responsible for changes in the magnetic proper- 
ties of these materials: changes in short-range 
order and the generation of point defects which 
affect the interaction ofnear neighbors. Nickel- 
iron properties are also affected by electronir- 
radiation. Annealing studies. in aluminum-iron 
show an increased rate of ordering in the ir- 
radiated specimens which is explained in terms 
of enhanced diffusion by means of the excess 
defects. 


Defects in Other Malerials. Micron-size in- 
terstitial loops have been observed“ in neutron- 
irradiated graphite (3 107° nvt at 300°C). 
These loops can be distinguished from vacancy 
oops because their Burger’s vectors are in dif- 
ferent directions. This produces different con- 
trast effects in the electron microscope which 
llow the separation of loop types as suggested 
y Amelinckx and Delavignette. Eeles** thinks he 
as observed interstitial loops in graphite from 
mall-angle X-ray scattering experiments. His 
rradiations were in the region of 150°C. 
Neutron damage in graphite has been ob- 
erved to force the carbon layers apart.*° At 





30°C, X-ray measurements indicate that this 
Spacing can increase by about 16 per cent be- 
fore saturation. As the irradiation temperature 
is increased, the spacing increase becomes less 
and saturation occurs at a lower level; e.g., 
there is only a 1 per cent spacing increase at 
500°C. This damage which affects the physical 
properties of graphite can be annealed out. At 
present, the exact form of the defects producing 
this damage is not known. 

Fission-recoil tracks have been observed'’ 
in thin flakes of mica by transmission electron 
microscopy. Tracks less than 300 Aindiameter 
and greater than 4, in length have been seen 
superimposed on a general background produced 
by the neutron bombardment. Track damage has 
also been observed in the alkali halides*® by 
means of transmission electron microscopy in 
replicas that were taken off cleavage faces pre- 
viously damaged. Irregularly shapedtracks with 
cross sections in the region of ly have been ob- 
served as well as smaller cross-sectional 
events. 


The volume of damage produced per primary 
in fast-neutron-irradiated silica‘? was found to 
be (67 A)®. The volume was found from the in- 
tensity of scatteredlight. Angular dependence of 
the scattered light suggested that the regions of 
damage were rod shaped with a length of about 
1800 A. These regions containa volume approx- 
imately equal to the damaged volume calculated 
from macroscopic changes as well as from other 
estimates. 


X-ray diffraction has shown that lithium pre- 
cipitates out of LiF during neutron irradiation.*” 
Large doses produce face-centered cubic lithium 
in epitaxially thin plates onthe LiF lattice. Heat- 
ing transforms this anomalous face-centered 
cubic structure to the ordinary body-centered 
cubic structure. The results are in goodagree- 
ment with data from differential thermal micro- 
analysis. X-ray line broadening of neutron- 
irradiated BaSO, reveals that the broadening is 
due to strains in the lattice as opposedto parti- 
cle size.*' Imperfections are found along (00 1) 
planes separated vertically by a distance of 
1100 A. 


Theories of Radiation Effects 


Distribution of vacancy-interstitial pairs pro- 
duced by successive knock-ons has been calcu- 
lated for a substance like germanium.” A Monte 
Carlo method is used which was originally pro- 
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posed by Bohr and Seitz and Koehler. The :atic 
ff close pairs to total pairs fora 10*-ev primary 
is about 60 per cent. Taking into account re- 
placement collisions, this ratio is reduced to 
about 30 per cent. The pairs exist in a region 
enveloped by a sphere with a diameter of 50 to 
190 atomic distances. There is no tendency for 
the damage to concentrate in the direction of the 
primary, nor do the interstitiais distribute them- 
selves in the outer part of the damaged region. 

A study was made of the defect cascades pro- 
duced by high-energy radiations in crystals.” 
Various energy spectra were found to have little 
effect on the cascades, which leads to the con- 
clusion that in nearly-all practical cases one 
comes out mathematically with a very satisfac- 
tory approximation to the hard sphere. Balarin 
and Hauser™ also show that in reactor neutron 
irradiations all collisions between primary 
knock-on atoms and other atoms of the same 
solid can be treated as collisions between hard 
spheres. This changes the often-used expres- 
sion for the number of displaced atoms from 
n =E)/2E,ton = Ey 5Ey. Considering this en- 
ergy principie, the number of possible displace- 
ments in present theories is reduced bya factor 
of 2.5. 

Lattice relaxation around the interstitial is 
used tc calculate self- and migration energies 
of carbon and xenon in graphite.” Strains are 
calculated from equations for bending pilates 
assuming the graphite structure to be thin elas- 
tic plates held together by weak forces. These 
plates are subjected to transverse forces due to 
the interstitiaiatoms. A choice of suitable inter- 
action energies between the interstitial and all 
other atoms is necessary for the final calcula- 
tion. Self-energy in carbon is reported as 2.5 
ev, and in xenon as 15.1 ev. Dienes has pre- 
viously reported a value of 12.9 ev for carbon. 
Iwata et al. state that this difference suggests 
the importance of considering the lattice relaxa- 
tion in doing such calculations. Migration ener- 
gies are 9.016 ev for carbon and 0.03 ev for 
xenon. Ratios of strain energy to total self- 
energy are 0.49 in carbon and 0.79 in xenon. 

A semiempirical method developed to evalu- 
ate interaction energies of close impurity-atom- 
interstitial pairs has been reported.” This the- 
ory indicates that undersize impurity atoms 
provide deep traps for interstitials, whereas 
oversize impurity atoms furnish several shallow 
traps with different interaction energies. The 
method was applied to annealing in irradiated 
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copper. Stage II is interpreted as the liberatio 
and annihilation of several kinds of shallow 
trapped interstitials. Stage ill is explained a: 
the liberation and annihilation of deep-trappex 
interstitials. 

Calculations by Schottky’’ on the various en- 
ergies of trivacancy structures in the noble 
metals have been completed. He extends this 
theory in gold and compares it with experi 
ments™ by discussing the equilibrium concen- 
trations of single-, di-, and trivacancies with 
temperature. 

Analytical expressions have been developed” 
for the assessment of neutron damage in solids, 
which includes the dependence on the neutron- 
energy spectrum. A method of comparing spec- 
tra in terms of damage produced is discussed, 
as weil as expressions for damage as a function 
of time and neutron energy. 


Surveys on Radiction-Induced Defects 


A summary of the radiation damage in body- 
centered cubic metals has been presented by 
Thompson.”® The report indicates the consist 
ency in drawing inferences from face-centered 
cubic experiments. Most of the conclusions are 
based on such analyses. Muci, of the experi- 
mental work has been previously reported.”’’ 
Thompson™ has also presented a discussion on 
the observed nature of primary radiation dam- 
age in solids. This discussion points out the im- 
portance of focusing collisions ardthe necessity 
of including such focusing energies when com- 
paring theories oc experiments. 

Koehler™ dis:usses the produc*icn and an- 
nealing out of radiation damage in avble metals 
and ordered «l'ovs. He states that 1.4-Mev 
electrons occasionally produce secondary dis- 
placed atoms, whereas 9-Mev deuterons pro- 
duce clusters containing up to 10‘ displaced 
atoms and pile damage produces even larger 
regions of +ispiacement. Thermal spikes, fo- 
cuSing, an alloy disordering are also dis- 
cussed. A survey bas been made on the gen- 
eral effects produced by radiation damage in 
cladding materials.** Fast-neutron damage that 
produces point defects and dislocation loops is 
considered, as well as gas-bubble formation. 
The effects of these defects on the mechanica! 
properties are discussed. 

Three general reviews of the effects of radia- 
tion in metals should be mentioned; their authors 
are Peckner,™ Seitz,*’ and Billington®™ et al 
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jmith®® and Hickman’’ presented papers at a 
recent Symposium on Phase Transformations 

Metals. Both papers are in the form of sur- 
eysS. Smith reported on radiation-induced phase 
ransformations in metals and alloys, and Hick- 
man’S paper was concerned with the nucleation 
and growth of gas bubbles in irradiated metals. 

Billington and Crawford": have published a 
ook entitled Radiation Damage in Solids. The 
review is general but not necessarily compre- 
hensive (in the authors’ own words) and is 
slanted toward the experimental solid-state sci- 
entist. The treatment begins with a general in- 
troduction that leads into a discussion of the in- 
teractions between radiation and matter and 
their consequent influence on properties. The 
main analysis of effects is separated by means 
of the materials in which the damage is pro- 
duced: metals, alloys, covalent crystals, min- 
erals, ionic crystals, andsemiconductors. Spe- 
cial chapters are added for the damage effects 
in uranium and graphite because of their im- 
portance and interest. (T. G. Knorr) 
Effects of Radiation on Mechanica! 


Properties of Nonfuel Materials 


The relative effectiveness of cladding and its 
influence on fuel materials during irradiation 
was investigated at Hanford.” Metallic and 
ceramic fuel elements were clad with Zircaloy- 
2, stainless steel, and aluminum alioys andthen 
irradiated. Changes in the relative strength 
properties of fuel cladding and bond areas were 
noted inthe Zircaloy-2 —uranium system. Inter- 
face materials in the stainless steel—uranium 
and the Zircaloy-2—UO, systems were studied. 
The burst strength of Zircaloy-2 tubes contain- 
ing UO, has been investigated at Bettis” after 
irradiation. These were blanket fuel rods ofthe 
PWR core 1 which were irradiated to total inte- 
grated fast fluxes (>0.6 ev) of 4.1 = 10°’ to 
5.5 x 107! neutrons/cm’. A comparison of the 
burst strengths of irradiated and unirradiated 
Zircaloy-2 tubes is shown in TableIV-1. These 
data show an approximately 25 per cent in- 
crease in burst strength after irradiation. The 
nsile properties of annealed Zircaloy-2 irra- 
iated to 7.13 x 10*° neutrons/cm* (>1 Mev) were 
etermined by Phillips Petroleum." The change 
in properties is shownin Table IV-2. These data 

now an increase of approximately 50 and 20 
per cent in the 0.2 per cent offset yield strength 
id ultimate tensile strength, respectively. 
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In work at Oak Ridge"’ the tube-burst proper- 
ties of AISI type 304 stainless steel are being 
investigated while being subjected to fluxes of 
2 x 10'* neutrons/(cm’*)(sec) (>1 Mev). The ru; 
ture life is being determined as a function of 
time at specific tangential stresses. The results 
show rupdre times for test conditions in and out 
of reactor at 1500 and 1600°F. These data are 
given in Table IV-3. in Table IV-4 the results 
of tube-rupture tests at 1300°F are givenfor the 
in-reactor conditions but not for the out-of- 
reactor conditions. It appears that, at a test 
temperature of 1500 F for the range of stresses 
Studied, the rupture strength is reduced by 150( 
psi under neutron bombardments. Insufficient 
data are available for a comparison at 1300 and 
1600° F. 

The effect of irradiation on the welds in AISI 
type 304 stainless steel has been investigated at 
Savannah River.” The type 304 stainless-steel! 
plate welded with type 308 filler metal was ir- 
radiated at<100°C to maximum exposures of 
1.2 « 10°! fast neutrons/cm* (>0.1 Mev). The 
increase in tensile strength and the decrease in 
ductility in the weld metal, heat-affected zone, 
and the parent plate are shown in Figs. IV-1 to 
IV-3. 

The effect of postirradiation annealing on the 
impact properties of pressure-vessel Steels has 
been investigated at the Naval Research Labo- 
ratory.'' They have found that heat-treatment 
is effective in recovery of notch ductility prop- 
erties for those materials irradiated at <200 
and at 575°F. The effectiveness of particular 
heat-treatments was strongly dependent on ir 
radiation temperature. Recovery was not as 
complete for steels irradiated at 575° F as for 


lable [V-1 POSTIRRADIATION BURST STRENGTH 
OF ZIRCALOY-2 TUBES™ CONTAINING UO, 











Burst Calculated Total integrated 
pressure, tensile strength, fast flux (>0.6 ev) 
ps psi 107! neutrons/cm’? 
11,000 80,000 
1,500 83.000 
14.900 108,000 4.1 


300 16 000 ; 
14,200 103,000 t 
14,600 106,000 j 

700 99 000 


14.200 103.000 





Table IV- 
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Radiation 


Yield strength 


Ultimate 


tensile 





received, (0.2% offset), strength, 

Material nvt >] Mev psi psi 
2024, Al 45,300 71,600 
2024, Al 2.04 x 10" 48,700 71,100 
2024, Al 1.22 x 107° 48,200 74,200 
2024, Al 5.59 x 107° 56,100 79,400 
2024, Al 84 x 107 66,200 84,900 
6061, Al 40,900 47,200 
6061, Al 17 x 107° 43,700 50,200 
6061, Al 17 107! 42,800 51,900 
356, Al 26,000 33.100 
356, Al 04 10"? 29,100 36,700 
356, Al .22 x 107° 33,500 42,000 
356, Al 59 x 107° 42,400 45,900 
356, Al 84 x 107° 52,100 54,400 
Inconel X SA 163,300 203,400 
Inconel X SA 78 x 107° 194,600 195,700 
Inconel X SA 86 x 107° 205,500 205,500 
Inconel X SA 2.20 x 107! 201,100 201,200 
Inconel X SA 1.47 x 107! 194,800 197,900 
Inconel X DA 118,000 174,000 
Inconel X DA 54 x 107° 174,000 180,500 
Inconel X DA 40 « 107! 169,000 178,000 
Inconel 702 90,500 145,300 
Inconel 702 54 x 107° * 172,000 
inconel 702 40 x 107! 171,500 171,500 
17-4 PH, S.S. 144,700 148,500 
17-4 PH, S.S. 04 10'* 179,400 181,000 
17-4 PH, S.S. 20 x 107° 194,500 197.000 
17-4 PH, S.S. 14 x 107° 205,500 206.400 
17-4 PH, S 18 x 107! 209,500 209,900 
17-4 PH, S.S 87 x 107! 214,300 215,400 
304 S.S., 77,200 107,500 
304 S.S, 04 x 10" 126,300 126.900 
304 S.S. ( 107° 129,300 130.000 
304 S.S. 14 x 107° 129,600 131,200 
304 S.S, 18 x 10?! 130,500 130,500 
304 S.S. 87 x 10?! 129,200 129,400 
304 S.S.t 2 x 107! 103,300 113.800 
304 S.S.t 72 x 107! 103,700 114,200 
304 S.S.5 72 x 10*' 100,600 111,700 
316 S.5 67,100 91,400 
316 S.S 20 1919 101,200 105,200 
16 S. 90 x 10% 04,800 108,300 
116 S§.S 62 x 107° 107,500 109,400 
3.5 28 x 107! 107,100 110,600 
447 S.S 67,200 16,200 
347 SS, 17 x 107° 116,400 116,600 
347 S.S. 96 x 107° 116,600 117.000 
347 S.S 4.74 x 107! 115,900 116,400 
47 S.S.9 4.74 x 107! 107,000 116,900 








Elongation 
in 1 in., 


DATA OBTAINED FROM TESTING IRRADIATED AND NONIRRADIATED 
TENSILE SPECIMENS OF VARIOUS MATERIALS" 


Reduction of 


Rockwell 
Hardness 





area, Before After 
26 29 B71 
25 32 B71 B68 
26 36 B71 B71 
25 27 B71 B77 
24 29 B71 B79 
21 46 B44 
22 49 B44 B16 
21 i8 B43 B50 
4 6 B33 
6 10 B32 B36 
6 7 B29 B45 
6 6 B32 B52 
3 6 B32 B57 
22 41 C38 
12 17 C37 C36 
11 14 C37 C36 
ll 44 C39 C34 
12 39 C37 C39 
29 36 C26 
12 42 C28 C32 
10 35 C27 C33 
44 3 B94 
13 53 B94 C27 
14 93 B99 C28 
16 5 C25 
13 53 C26 C32 
12 44 C26 C33 
11 $4 C26 C35 
10 41 C26 C35 
9 29 C25 C34 
46 68 B97 
32 61 B98 C24 
31 66 B98 C24 
32 61 B98 C25 
33 61 B97 C25 
3] 65 B97 C24 
50 68 B91 C27 
54 68 B91 C26 
50 66 B92 C24 
60 76 B92 
44 68 A59 
44 68 A6i0 
42 68 A59 
42 67 C19 
56 68 B93 
36 6 B93 C21 
35 65 B93 C20 
36 62 B93 C28 
34 63 B94 C2s 














fail 


























CLADDING AND STRUCTURAL MATERIALS 





(Continued) 


Rockwell 


Hardness 
















































Elongation Reduction of 
in 1 in., area, Before After 
18 16 C40 
13 14 C41 C41 
16 0 C41 C42 
16 57 C40 C46 
29 44 B&7 
19 14 B&Ss B94 
19 +4 BS7 BS 
19 14 BS7 B94 
Table IV-4 RESULTS OF IN-PILE TUBE- 
BURST TESTS OF TYPE 304 STAINLESS 
STEEL AT 1300°F IN AIR™ 
[Flux: 10" neutrons/(cm?)(sec) (>1 Mev )] 
Stress, Time to rupture, 
Specimen psi hr 
15-2 13.000 130 
3 : 13,000 197* 
6 13,000 144 
~ 13,000 122 
11,000 512 
7 11,000 480 
10 11,000 4162 
l 9,000 16x 
c 9,000 >1850T 
) 9,000 >1 850T 
*Irradiated at 1300°F for approximately 8400 
Mw-hr prior to application of stress 
+ Test concluded before rupture 
7) 
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FAST NEUTRON EXPOSURE, n/ CM 
Fig. IV-1 Effect t irradiati the lt ite 
strength of welded ‘stainiess steel." we etal 
» heat-alfected zor a irent late 


Table IV-2 
Ultimate 
Radiation Yield strength tensile 
received, (0.2% offset), strength, 
Material nvt >] Mev psi psi 
AM-350, S.S. 0 156,300 194,800 
AM-350, S.S. 5.9 x10" 191,600 217,400 
AM-350., S.S. 1.17 x 107° 192,400 220.000 
AM-350, S.S. 7.31 x 10” 207,000 226,900 
} Zircaloy-2 0 56,400 77,400 
Zir« aloy-2 5.9 x10" 74,200 89,500 
Zircaloy-2 1.17 x 107° 73,900 89,600 
Zircaloy-2 31 x 107° 84,400 93,300 
*Yielded before 0.2 per cent offset. 
tSingle specimen. 
| tSingle specimen annealed 5 hr at 640°F. 
Single specimen annealed 22 hr at 640°F 
‘Single specimen annealed 4 hr at 640°F 
Table IV-3 RESULTS OF TUBE-BURST TESTS OF 
TYPE 304 STAINLESS STEEL IN AIR IN THE ORR™ 
[Flux: 2 x 10"? neutrons/(cm?)(sec) (>1 Mev)] 
Irradiation 
dose at Time to 
Stress, Temp., rupture, rupture, 
Specimen psi °F Mw-hr Ae 
ots | 6300 1500 0 510f 
6300 1500 0 490 
97 6300 1500 0 184 
* 5800 1500 0 690 
Fe 5250 1500 0 1330 
° 5250 1500 0 1250 
9-7 5000 1500 5,400 337 
9-8 5000 1500 8,300 518 
* ft 4200 1500 0 2450 
¢ 4200 1500 0 1650 
7-3 4000 1500 12,300 895 
1-6 4000 1500 8.900 672 
17-3 4000 1500 36,900 8518 
17-10 3500 1500 50,080 >1600° 
17-1 3000 1500 50,080 >1600 
17-9 3000 1500 50,080 >1600 
17-8 5060 1600 3,750 49 
- T 3700 1600 0 265 
17-5 3000 1600 13,500 414 
17-6 2600 1600 27,100 870 
l7- 2200 1600 43,900 1430 
17-7 2200 1600 47,400 >1505** 
*Out-of-pile specimens. 
+These specimens are 6 in. long. All other specimens 
ire 2% in. long. 
TAll out-of-pile data were received from J. W. Woods 
and J. T. Venard of the ORNL Metallurgy Division. The 
Stresses were recalculated to correspond with those used 
for the in-pile specimens. 
§This specimen was stressed after 11,500 Mw-hr of 





irradiation at 1500°F. 
Three specimens heldat 1500°F had not ruptured when 
the experiment was terminated. 





**This test was terminated when the thermocouples 
failed and control was lost. 








those irradiated at <200°F. It was also noted 
that a short-time heat-treatment of a few hours 
was just as effective as a long-term treatment 
for the recovery of radiation-induced transition- 
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temperature shifts. The percentage of recovery 
for steels irradiated at<200°F appeared to be 
independent of total neutron exposures within 
the ranges studied. 

A comparison of the room-temperature ten- 
Sile properties of irradiated and unirradiated 
AM-350 stainless steel, a hardenable alloy, has 
been made at Hanford’ and at Phillips." The 
changes in properties as determined at Hanford 
are shown in Table IV-5. 

Data reported by Phillips are shown in Table 
IV-2. Although the unirradiated properties re- 
flect a difference in lot variation of material, 
these differences apparently are reduced by 
irradiation. The exposures reported are the 
greatest to date for many of these materials. 
The effect of short-time annealing on the prop- 
erties of types 304 and 347 stainless steelirra- 


Table IV-5 ROOM-TEMPERATURE TENSIL! 
PROPERTIES OF IRRADIATED AND UNIRRADIATED 
AM-350 STAINLESS STEEL” 





Elongation, 








F lux, Yield Ultimate 
thermal! strength tensile Elastic 
neutrons/ (0.2% offset), strength, modulus, Uni 

em? 1000 psi 1000 psi 108 psi form Tota 

( 171.3* 209.9 33.1 10 

7x10" 186.5 217.7 30.2 5.4 7.4 
3.19 x 107 199.0 225.8 29.7 3.5 
6.25 x 107° 206.5 230.5 28.7 4.0 5.4 





*0.1 per cent offset. 


diated to 5.72 x 107! neutrons/cm’* has pro- 
duced a slight reduction in yield strength and 
ultimate strength after heat-treatment, but the 
resulting strengths were still approximately 60 
and 20 per cent, respectively, higher than the 
unirradiated stainless steels. 

Workers at Oak Ridge” have been studying the 
effect of elevated-temperature irradiation (500 
to 700°C) on beryllium. Specimens from mate- 
rial prepared by hot pressing, hot extrusion, and 
hot rolling were compared. Bend tests con- 
ducted at room temperature after 1.0 to 1.5 » 
107° neutrons/cm? (>0.66 Mev) exposure indicate 
that embrittlement has not resulted from the 
irradiation. Photomicrographs show some in- 
creased porosity after irradiation. 

(F. R. Shober) 


Selected Metallurgical Aspects of 
Cladding and Structural Materials 


Aluminum 


Armour” investigated dispersion strengthen- 
ing of corrosion-resistant aluminum alloys by 
powder-metallurgical methods. The tensile 
strength of extruded rods was tripled by disper- 
sions made with powders of Al,O,, AlPO,, SiO», 
B,C, and SiC. Corrosion resistance was not 
affected. 

An extensive study by Roberts” of the effects 
of powder-metallurgy fabrication of both com- 
mercial and experimental aluminum -base alloys 
has led to the following conclusions: 

1. The powder-metallurgy fabrication of alu- 
minum alloys of current commercial analyses 
(3003, 2024, 5083, and 7075 alloys) will result 
in very significant refinement of the microcon- 
stituents present in the alloys, accompanied by 
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rreatly increased resistance to recrystalliza- 
tion. 

2. In the experimental aluminum-zirconium- 
magnesium-copper precipitation-hardening al- 
loy system, extrusions of highly alloyed 
composition are producible which do not re- 
crystallize during solution heat-treatments 

3. Extrusions that are structurally inhomoge- 
neous may be obtained from structurally and 
chemically homogeneous supersaturated alloy 
powders due to accelerated precipitation in the 
most highly worked zone of the extrusion. This 
results in the presence of a surface zone or skin 
of the most desirable type of microstructure. 
The degree of structural inhomogeneity between 
the extrusion surface and its center will de- 
crease as the amount of the sluggish elements 
in supersaturated solid solution is increased. 

4. The use of excessively high extrusion tem- 
peratures or prolonged exposure to tempera- 
tures above the 800 to 900° F range will alter the 
characteristics of the dispersions and reduce 
the amount of strain hardening of the matrix. 


Chromium-Alloy Systems 


High-purity alloys of the chromium-nickel- 
niobium system with a range of up to 50 wt.‘{ 
niobium were investigated by the Russians.* 
Quasi-binary sections were constructed in the 
examined part of the ternary system, as wellas 
isothermal sections at 1100 and 1175°C. A new 
ternary intermetallic compound was discovered 
with a composition of approximately Ni,Cr,Nb,. 
This compound crystallized from the liquid state 
at 1175 + 5°C and disintegrated at 1160 + 5°C, 
undergoing a eutectoid transformation. 

Additional research by the Russians™ on the 
chromium-nickel system (limits of 50 per cent 
nickel) showed that eutectoid transformations in 
this system are actually absent. The variation of 
the solubility of nickel in chromium with tem- 
perature (determined roentgenostructurally) in- 
dicates that this solubility falls sharply from 
40.50 per cent nickel to practically zero on 
lowering of the temperature from 1340 to 850°C. 

(J. A. DeMastry) 


Niobium-Alloy Systems 


The phase diagram of the ternary sys- 
em, niobium-molybdenum-vanadium, was de- 
ermined by Russian investigators® utilizing 
nelting-point observations and microstructural 
xamination. Unlimited solid solubility was 
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found. While establishing the solidus curve, it 
was found that the melting point is lowered 
from 2450 to 1800 C as the vanadium content is 
increased. The niobium corner of the diagram 
presented the lowest hardness in the system, 
ranging from 105 to 220 kg/mm’. The highest 
heat resistance was shown by alloys with high 
niobium content; those containing large amounts 
of molybdenum and vanadium were easily oxi- 
dized. 

The following characteristic temperatures in 
the niobium-NbC phase diagram were deter- 
mined by workers at Los Alamos:™ a eutectic 
temperature between NbCo 9, and NbC,y 4, of 
2335 + 20°C, a peritectic temperature between 


NbCy,5. and NbCy,;, of 3090 + 50°C, and a 
melting-point maximum at about NbC,., of 
3500 + 75°C. Congruent vaporization in vacu 


takes place at a composition near NbC,,,, at 
2800'C. At about 2000°C, Nb,C has a very 
narrow range of homogeneity. Lattice parame- 
ters for the Nb,C phase in equilibrium at the 


phase boundary were found to be a, = 3.128 + 
0.001 A, cg = 4.972 + 0.001 A when NbC was 
present and dy) = 3.126 + 0.001 A,cy = 4.965 + 


0.001 A when the niobium phase was detected. 

A large number of stacking faults in niobium 
with their associated partial dislocations were 
demonstrated by transmission electron micros- 
copy by European Associates investigators.”® 
Photomicrographs show some aspects of the 
stacking-fault ribbons within which the charac- 
teristic interference fringe can be seen. These 
ribbon dislocations cover an extensive area; 
thus it is possible to observe, in certain cases, 
the interaction ofthe individual particles. These 
are similar to those observed by Whelan on 
stainless steel and by Matthews on evaporated 
foils of silver, gold, and copper. 

Elastic constants of single crystals of vana- 
dium, niobium, and tantalum were reported by 
Westinghouse® at T = 27°C. They are, in units 
of 10'' dynes/cm’ for C,,, Cy, and Cy: vana- 
dium, 22.8, 11.9, 4.26; niobium, 24.6, 13.4, 2.87; 
and tantalum, 26.7, 16.1, 8.25, respectively. 
The shear anisotropies, A = 2Cy4/(C,;— Cy), are 
anomalously smail for these elements as com- 
pared with other cubic-system elements. An 
analysis of the shear anisotropy, based on 
Fueh’s model, is given, and it was found essen- 
tial that the next nearest as well as nearest 
neighbor ion-ion interaction be considered. 

The results of preliminary studies at Oak 
Ridge*’ on the aging behavior of wrought 
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niobium—1 wt.% zirconium alloys follow: The 
aging phenomena in the niobium-zirconium al- 
loy were influenced by the annealing tempera- 
ture. Higher annealing temperatures led to 
more pronounced aging effects. Nocorrelations 
were found between observed aging effects and 
surface contamination from the experimental 
containers used or from the annealing furnace. 
The aging or nonaging-behavior of the alloys 
could be correlated with their oxygen-nitrogen 
ratio and to a lesser extent with their oxygen- 
carbon ratios. There was a positive correla- 
tion between the amount of oxygen added to the 
alloy and the tendency for aging to occur; when 
sufficient oxygen was added, the aging tendency 
could be virtually eliminated. 
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nium-niobium alloy system,” 


Figure IV-4 shows the equilibrium phase dia- 
gram o.: the niobium-zirconium alloy system 
which was determined by the Division of Reac- 
tor Development of the AEC." 

(J. A. DeMastry) 


TiN Dispersion in Molybdenum 


Research on molybdenum performed in Eng- 
land® has resulted in the development ofa highly 


Stable dispersion of TiN in molybdenum. This 
Stable dispersion was obtained by isothermal 
heat-treatment in nitrogen of a 1 wt.% titanium- 
molybdenum alloy in the temperature range of 
1100 to 1500°C. 

(J. A. DeMastry) 


Zirconium-Alloy Systems 


The zirconium-dysprosium phase diagram de- 
termined by the Bureau of Mines®® shows a single 
eutectic system with the eutectic isotherm ex- 
tending from 30 to 95 wt. % dysprosium at 1280°C. 
The solid solubility of dysprosium in beta zirco- 
nium is of the order of 30 wt. at 1280°C and de- 
creases to approximately 10 wt.‘ at 890°C. At 
this temperature the peritectoid reaction occurs 
and extends over the range of composition from 
10 to more than 80 wt.% dysprosium. The maxi- 
mum solubility of dysprosium in alpha zirconium 
appears to be 12 wt.% at 890°C and decreases 
to approximately 7 wt.% at 400°C. 

The effects of beryllium and uranium in 
Zircaloy-2 are reported by Hanford.” Addi- 
tions of 0.35 to 4.20 wt.% beryllium and 0.0 
to 4.8 wt.% beryllium with 250, 500, 750, 1500, 
and 2500 ppm uranium were studied. Metal- 
lographically, the beryllium tends to separate 
as a second phase after a 30-min heat-treatment 
at 900°C followed by a cold-water quench even 
at concentrations 2s low as 0.35 wt. % beryllium. 
The phase diagram indicates solid solubility up 
to 2 wt.% beryllium at thistemperature. At1.95 
wt.% beryllium the basic Zircaloy structure 


changes to a dendritic structure in a matrix of 


the intermetallic compound ZrBe,. At 3.26 wt.” 
beryllium the dendritic structure gives way to 
the eutectic structure. Uranium is not readily 
observed in the structure up to 500 ppm. There 
does, however, appear to be an apparent increase 
in the tendency to form subgrains in the Zircaloy 
with an increase in the uranium content. The 


microhardness increases sharply from 200DPH 


for 0.35 wt.% beryllium to 380 DPH for 4.2 wt. ' 
beryllium. Uranium appears to make the struc- 
ture harder and more brittle. 

The effects of nitrogen on the lattice con- 
stants, unit cell volume, and hardness of zirco- 
nium as reported by Bettis” are shown in Figs. 
IV-5 to IV-7, respectively. 

Chalk River,*! after extensive study of the ef- 
fects of hydrogen in zirconium, has published 
data on hydrogen solubility (Table IV-6). Re- 
Sults show that increasing niobium content pro- 
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TERMINAL SOLID SOLUBILITY OF HYDROGEN 
VERSUS TEMPERATURE” 


Terminal solid solubility, ppm 
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duces a corresponding increase in hydrogen 
solubility. The heat of transport for hydrogen 
in zirconium alloys containing yttrium and nio- 
yium is shown in Table IV-7. 


Yttrium-Alloy Systems 


Figures IV-8 to IV-10 show phase relations 
‘or yttrium-iron, -nickel, and -copper, respec- 
ively, as determined by Denver Research.” 
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g. IV-7 Hardness versus wt.’ nitrogs 


A summary of the phase relations of yttrium 
and selected rare-earth metals was presented 
by Research Chemicals.” Erbium and yttrium 
form simple binary eutectic systems with tita- 
nium. No compounds are present. The transi- 
tion temperature of titanium is not significantly 
affected. Copper, tin, and calcium form inter- 
metallic compounds with erbium and yttrium. 
The melting points of the rare earths are rapidly 
lowered, eutectics forming with the respective 
compounds. Vanadium forms extensive (and 
chromium limited) liquid immiscibility regions 
with erbium and yttrium. Eutectics are formed 
at the rare-earth end of these systems. Ter- 
minal solubilities are low in all of the above 
systems. 

The erbium-zirconium system is character- 
ized by appreciable solubility of zirconium in 
erbium and extensive solubility of erbium in both 
alpha and beta zirconium. A high-temperature 
peritectic reaction involving beta erbium is Sug- 
gested. The yttrium-zirconium system is simi- 
lar in all r+ ijor respects except that the solu- 
bility limits at both ends of the system are 
somewhat lower. Preliminary investigation of 
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Table IV-7 HEAT OF TRANSPORT OF HYDROGEN IN ZIRCONIUM ALLOYS” 
Initia! Heat 
lim Tremp. * concentration, transport, 
\lioy 1 range, ‘ ppm kcal/mole 
Z or oo W yt $ 300 — 496 72 ».8 
47 302-494 72 5.7 
Zirconiut 2.6 W 4 302-497 65 5.9 
4] 300—496 65 5.3 
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Fig IV-& Phase elati i Lhe triun 


the gadolinium-zirconium system also indicated 
Similarity in all major respects. 

Beryllium and yttrium form an intermetallic 
compound. The terminal solubility of yttriumin 
beryllium is low. No eutectic reaction is ob- 
served at the beryllium end of the system. 

(J. A. DeMastry) 


Diffusion Studies 


In studies at Battelle” the thermal diffusion of 
hydrogen in beta zirconium was investigated at 
two compositions, ZrH, 4, and ZrHy..., and at 
temperatures from 630 to 860 C. A diffusion 
cell containing a sample of zirconium hydride 


ysten showing temperatures ol peritectic and 


was subjected to a thermal gradient, and the 
hydrogen pressure was determined at the hot 
and cold ends of the specimen. From the varia- 
tion of pressure with temperature, the heat of 
transport could then be determined. It was found 
that the results varied little with composition; 
however, the heat of transport was found to in- 
crease with temperature, ranging from 6 to 12 
kcal/mole. The thermal conductivity was found 
to vary with increasing temperature from 0.042 
to 0.052 cal/(cm)(sec)(°C). The thermal! diffu- 
sion of hydrogen in Zircaloy-2 has been investi- 
gated at Hanford.* The distribution of absorbed 
hydrogen within Zircaloy-2 process tubes under 
various thermal-gradient conditions was studied 
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in this program. A summary of the basic equa- 
tions that were develope: to predict the behavior 
of systems exhibiting the thermal-diffusion phe- 
nomenon is given in the repori. 


In an article® of a book on X-ray analysis, 
Lublin describes an X-ray technique for analyz- 
ing diffusion couples which employs a mono- 
chromatic X-ray beam that impinges on a very 
fine slit, a holder for aligning the diffusion zone 
with the slit, and a scintillation counter for the 
high counting rates that are to be measured. 
Sample preparation, experimental instrumenta- 
tion, and the application of the technique to the 
aluminum-nickel system are discussed in this 
article. 


In a Russian article” a method is discussed 
for studying volume and boundary diffusion of 
metals by measuring the integrated radio- 
activity of successively removed layers of 
specimens. The author claims that diffusion 
coefficients in the range of 10~" to 107** cm?*/ 
sec could be determined with ease. Autoradio- 
graphic techniques were used to make it possi- 
ble to perform measurements on very small 
samples. In the case of relatively refractory 
metals (Such as iron, chromium, cobalt, nickel, 
zirconium, tantalum, molybdenum, and tung- 
sten), the temperature dependence of Self- 
diffusion assumes an exponential character 
beyond the threshold of recrystallization. The 
author notes that the mobility of atoms ata given 
temperature differs markedly from metal to 
metal. It is pointed out as an example that the 
self-diffusion coefficients of aluminum, iron, 
and tungsten in the temperature range of 500 to 
1000°C differ by 10 orders of magnitude. The 
paper also includes a discussion of studies made 
of diffusion and of the bonding of the atoms in the 
iron-carbon-silicon system. 

(D. C. Carmichael) 


Selected Mechanical Properties of 


Cladding and Structural Materials 


Zirconium Alloys 


The extensive use of Zircaloy-2 in nuclear 
reactors and its anticipated use has prompted 
continued investigation of its mechanical prop- 
erties. Many variables such as fabrication, 
heat-treatment, service temperatures, and ser- 
vice conditions are being investigated to deter- 
mine their effect on the mechanical properties 


of Zircaloy-2. Several studies of this type have 
been made by Bettis (references 14, 98, 99a, and 
100). The effects of temperature, time at tem- 
perature, and cooling rates on the tensile prop- 
erties have been examined. It was found that 
heat-treating at temperatures above 1700° F pro- 
duced an increase in yield strength with a slight 
decrease in ultimate tensile strength. Heat- 
treatment below 1750°F produced very little 
change in yiel? strength as compared with the 
yield strength of the as-received material. The 
ductility was decreased by heat-treatments 
above 1450°F. The effect of time at tempera- 
ture apparently was insignificant except for its 
influence on the ultimate strength; in this case 
the longer heat-treatment showed slightly in- 
creased ultimate strength. The tensile proper- 
ties at 600°F have been measured by several 


’ different laboratories. The average tensile prop- 


erties of Zircaloy-2 at 600° F used by Bettis to 
investigate the bending fatigue properties were: 
ultimate tensile strength, 33,350 psi; 0.2 per 
cent yield strength, 18,500 psi; and elongation, 
39 per cent. These properties are for material 
annealed 20 hr in vacuum at 750°C followed by 
furnace cooling. The results obtained are sum- 
marized graphically in Figs. IV-11 to IV-14. 
These graphs show that there is no significant 
difference in the notched fatigue properties of 
specimens with K; values of 3 and 9 for a life of 
up to 10° cycles at 600° F. However, for longer 
life and for aK, of 9, there is a reduction of 
fatigue strength. The notch sensitivity, 7, is 
reported to be similar to that of titanium and 
high-strength steels. The influence of a super- 
imposed static stress on an alternating stress 
on notched specimens produces a reduction in 
fatigue strength. At the lower alternating 
stresses, the static-stress component appears 
to be the controlling condition. 

Bettis’ has also investigated the effect of 
hydrogen on the Charpy-impact strength of 
Zircaloy-2 and Zircaloy-4. The results are 
shown in Fig. IV-15. The material was hot 
rolled at 1475°F and heat-treated in argon- 
filled Vycor capsules at 1450°F for 24 hr prior 
to test. 

Workers at Carborundum™ have studied some 
of the factors influencing the short-time tensile 
tests on rolled Zircaloy-2 at 600° F, a procedure 
incorporated in the military specification MIL- 
Z-19859 in 1959. Such items as temperature 
variation, specimen size and geometry, and 
strain rate were considered. At Du Pont'®! the 
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Table [V-8 
Yield 
strength 
Material (0.2% offset), 
condition Orientation psi 

As-received; Longitudinal 47,000 
annealed, 2.204 Circumferential 68,000 
in. OD ‘ 

Swaged in three Longitudinal 78,500 
passes to 2.065 Circumferential 71,000 
in. OD 

Swaged in two Longitudinal 68,000 
passes to 2.128 Circumferential 57,000 
in. OD 

Vibratory Longitudinal 47,000 
“ompacted Circumferential 61,000 





Note: All specimens had a gauge length of 2 in. and a width 


Table IV-9 RESULTS OF HYDRAULIC BURST TESTS 
ON ZIRCALOY-2 SHEATHS AT ROOM TEMPERATURE"! 


Stress Max Max. local 
Material ratio, pressure, elongation, 
condition Og /o,* psi 4 
As-received; Y, 2900 46 
annealed, 2.204 0 2700 65 
in. OD 0 2700 RO 
Swaged in three %p 3400 16 
passes to 2.065 0 3000 32 
in. OD 
Swaged in two 4 3250 18 
passes to 2.128 y 2500 20 
in. OD 0 3050 70 
0 3050 48 
Vibratory %s 2700 52 
ompacted Y, 3100 42 
0 2600 90 


*o, = axial stress, 0, = hoop stress. 


were temperature, grain size, anisotropy, hy- 
drogen content, and specimen geometry. The 
results on tensile properties, creep properties, 
low-cycle fatigue, and thermal-expansion coef- 
ficient are given. 

A number of investigations on the properties 
of Zircaloy-2 are being carried out by the Ca- 
nadians.*' The effect of hydrogen in the form of 
hydride has been studied using Charpy-impact 
specimens and drop-weight specimens. No ef- 
fect was noted from a 10-,,-thick hydride layer 
on Charpy-impact specimens tested between 
room temperature and300 C. Drop-weight tests 


on specimens containing 30 ppm precipitated 
hydride showed crack peretration through the 
entire thickness of 0.25-in. plate only after the 


RESULTS OF TENSILE TESTS ON ZIRCALOY-2 SHEATHS AT ROOM TEMPERATURE"! 


MATERIALS 








SS —— _ ——— ; 











Ulymate | 
tensile Reduction ‘ i 
Elongation, 
strength, of area, 
psi Y Uniform To fracture I 
= —_ att 
73,300 45 15 21 
' 
77,400 52 5 18 
81,600 36 8 8 
87,400 38 3 6 
75,500 44 1] 13 
82,100 48 ll 
! 
71,400 4% 17 22 
73,400 54 10 18 
of 0.500 in. 


test temperature was decreased to-80C. J 


Plates 0.4 in. thick having 7 ppm hydrogen be- 


haved similarly at —115 C. Creep properties, | 


both long and short term, of 19.3 per cent cold- 
worked NPD prototype material are being in- 


vestigated at 300 C. Data are given for speci- 
mens in tests as long as 8400 hr. Other data 
are given for 18.5 per cent cold-worked mate- 
riai in test at 400°C. The recovery of cold- 
worked Zircaloy-2 is also being studied by the 
Canadians. Materials which were cold worked 
at the two conditions, 12 and 25 per cent, are 
being annealed at 300 and 400 C. Comparison 
of tensile properties after annealing shows that 
considerable recovery is achieved by annealing 
at 400 C for three days but very little in 180 
days at 300 C. 

Other zirconium alloys receiving somewhat 
less attention are those developed to improve 
the elevated-temperature strength and corrosion 
behavior of zirconium. The British’ have been 
experimenting witha zirconium-niobium-copper 





alloy containing 2 to 7 wt.% niobium, 0.25 to 3.0 
wt.'> copper, and the balance zirconium. These 
additions increased the strength considerably 
without changing significantly the corrosion be- 
havior or the thermal-neutron-capture cross 
section. The addition of 5 wt.% niobium to 

zirconium—1 wt.% copper alloy appears to hav: 
increased the creep strength at 500°C by a fac- 
tor of 4. The short-time hardness and creep 
properties of binary zirconium alloys have bee 
investigated by the Russians.’ Greatest in 
crease in creep resistance in alpha solid solu 
tions was attained with 5 to 10 at.) titanium and 
1 to 5 at.% tin. The least creep-resistant allo 
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was found to be the 50 at.% zirconium-titanium 


alloy. The Canadians*®' have creep tested, at 


300, 400, 450, and 500 C, a zirconium—2.5 wt. 
iobium alloy which had been heat-treated 1 hr 

880 C, water quenched, and annealed in vac- 
uum for 6 hr at 500°C. At 300°C, twice the 
stress was needed to produce the same cree; 
rate aS was obtained for Zircaloy-2 under the 
same test conditions. It was noted, however 
the creep strength decreased rapidly at 
temperatures above 400 C. 


that 


Properties of Nickel-Base Alloys 


Inconel X, Inconel 713C, and Hastelloy X con- 
tinue to hold promise for many high-temperature 
nuclear-reactor applications. Investigation of 
the tensile, stress-rupture, and creep proper- 
ties of Inconel X at 1000, 1200, and 1400 F have 
been completed at Langley Research Center.'” 
The effect of six different heat-treatments was 


Studied. Aging heat-treatments gave the great- 


est 10-hr rupture strengths at all test tempera- 
tures. Shorter aging times gave material with 
superior stress-rupture properties at 1400 F. 
A good summary of the datais presented. Creep- 
rupture tests conducted by General Atomic’” 
show that the creep properties of Inconel X in 
helium at 1300 F are about the sameasthose in 
air at 1500°F. The fatigue properties of Inconel 
713C have been determined at 1500 F in helium 
and at 1300 F in a helium-air mixture. 
gators at Aerojet-General'’ have determined the 
tensile properties at room temperature of 


Investi- 


Hastelioy X after exposure to nitrogen pius 0.5 
per cent oxygen mixture, air, high-purity nit: 
gen, and nitrogen pius 0.1 per cent carbon mot- 
xideé mixture. Reductions in ultimate tensile 
Strength, yield strength, and ductility after long- 
time (1000 to 5000 hr) exposures to these gases 
have been noted. It was thought that reduction in 
properties was associated with excessive for- 
mation of a carbidelike second phase. A con- 
siderably iesser effect noticed after 
000-hr exposure when tensile testing was done 
1750 F. Oak Studied the 
roperties of Inconel and other nickel-base al 


was 


Riage’’ has creep 
ys at elevated temperatures in hydrogen and 
. argon. The secondary creep rate of these al- 
yS was observed to be greater in hydrogen 
lan in argon. The rupture life wasalso shorter 
i hydrogen. This effect was most noticeable in 
iconel. There was not, however, an associated 
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decrease in ductility with the reduction i: 
ture life. 

Two stainless steels, AIS] types 304 and : 
were also included in a Similar investigation and 
showed similar behavior and secondary 


rup- 


- 
Ss 


ree} 


rates in both hydrogen and argon. Oak Ridge 


has also pressurized as-received type 304 
stainless-steel tubing at 1300 F in air. The re- 
Sults are given in Table IV-10. A number 


Table [V-10 RUPTURE LIFE OF 
PRESSURIZED AISI TYPE 304 STAINLESS 
STEEL TUBING® IN AIR AT 1300°! 


Tangential stress, psi Time to rupture, | 


7,951 


7 1 
8,069 20 
1.710 
9,821 19 

11,40: 144 

11,593 44 


other mate rials have been subjected to an atmos- 
phere of 5 vol.% hydrogen —95 vol.’< nitrogen (7( 
per cent water saturated) at General Electric.'”’ 
The materials studiedin creep include types 302, 
316, A-286, and 17-7 PHstainless steels, as well 
as René 41 and Inconel 702, two nickel-base al- 
loys. Test temperatures as high as 1950° F and 
stresses to 45,000 psi were investigated. The 
rupture strength of each alloy was less in the 
gas-mixture atmosphere than in 4.: at hightem- 
peratures. The lower temperature creep prop- 
erties were not influenced by the atmosphere. 
General Atomic’ compared the creep proper- 
ties in air and helium at 1000 F of two mate- 
a 1.25 wt.% chromium—0.5 wt.) molyb- 
denum steel and type 316L stainless steel. They 
were found to be the same under these condi- 
tions. Creep and creep-rupture data are given 
for the 1.25 wt chromium steel at 1000 and 
1200°F and for the type 316L stainless steel at 
1300 and 1500 F. 


rials, 


Mechanical Properties 
of Miscellaneous Metals 
if unalioyec 


Battelle’”’ at 


strength 


lhe tensile and creep properties 
tantalum have been studied at 
elevated temperatures. The 
ranged from 25,000 psi at room temperature t 
31,000 psi at 500°C. The rupture 
properties were determined at 750 ana 1200 


tensile 


na 
aiiu 


creep 
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The mechanical properties of molybdenum 
and molybdenum-base alloys were studied at 
Climax.*®© Alloys containing 0.5 wt.% titanium, 
0.05 wt.“% zirconium, and 0.5 wt.% titanium plus 
0.07 wt.% zirconium were tested at room tem- 
perature, 1800, and 2400°F. The effect of car- 
bon contents varying from 0.019 to 0.053 wt.% 
was investigated. The best elevated-temperature 
strength was shown by the molybdenum — 0.5 wt. % 
titanium—0.07 wt.% zirconium alloy. There did 
not appear to be any change in properties asso- 
ciated with the carbon content. 

The tensile, compressive, stress-rupture, and 
creep shear properties of QMV beryllium have 
been investigated by Brush*®4+*¢ in the room 
temperature to 1500°F range. The effects of 
purity, grain size, and other processing vari- 
ables were evaluated on the basis of mechanical 
properties. The temperature dependency ofthese 
properties is illustrated. The creep properties 
were studied for beryllium having high oxide 
content. The data indicate that the oxide im- 
proved the creep strength ofberyllium. The de- 
gree of anisotropy was shown to influence the 
creep resistance at low temperatures but did not 
Significantly affect the properties at the ele- 
vated temperatures. Workers at Oak Ridge” 
have examined the stress-rupture strength of 
beryllium tubing machined from hot-pressed 
blocks. The method of metal preparation and 
fabrication definitely influences the creep prop- 
erties. The results are shown in Fig. IV-16. 
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Fig. IV-16 Stress rupture of beryllium tubes" at 
600°C. A, machined from hot-pressed block, Brush 
Beryllium Co. B, machined from warm-extruded rod, 
Brush Beryllium Co. C,warm extruded, Brush Beryl- 
lium Co. D, Pechiney. E, Imperial Chemical Indus- 
tries. F, Chesterfield. 


Investigations pertaining to the developmen 
of niobium and niobium-base alloys are being 
condycted at Westinghouse. The effect of oxygen 
and nitrogen additions on the hardness and fab- 
rication properties of niobium were studied at 
Westinghouse.**/ The tensile yield strength of 
several ingots of niobium prepared by different 
techniques was evaluated over the —200 to 250°C 
temperature range. The purest material gave 
the lowest strength values. 

A good summary of the mechanical and physi- 
cal properties of magnesium and magnesium al- 
loys has been prepared by the British." This 
data manual includes 34 references, among 
which are a few pertaining to properties meas- 
ured after irradiation. (F. R. Shober) 
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V 





Melting, Casting, 
Heat-Treatment, and Hot Working 


The continued interest in the more advanced 
methods of melting and consolidating materials 
is evidenced by the increased number of reports 
and patents concerned with electron-beam and 
vacuum consumable-electrode arc melting. One 
recent reference’ to an electron-beam melting 
and casting apparatus utilizing the multichamber 
principle reviews the utility of the electron 
beam for melting the more volatile or gassy 
metals and alloys and stresses the fact that, 
‘regardless of the outgassing rate of the charge, 
the beam energy and contour are unaffected. It 
is stated that furnace pressure may reach 3 x 
10~-* mm Hg, whereas the pressure in the beam 
chamber remains at less than 1 x 107‘ mm Hg. 


The Bureau of Mines has recently designed 
and constructed an electron-beam, melting ap- 
paratus with the objective of studying the limi- 
tations and potentials of this technique.’ The 
application of some of the techniques to the 
preparation of the niobium—15 wt.'% tungsten- 
5 wt.’o molybdenum-—1 wt.°> zirconium alloy has 
been investigated at Crucible Steel.’ It was 
found that double-electron-beam-melted mate- 
rial varied considerably in both carbon and 
zirconium concentrations. Carbon contents of 
0.004 to 0.04 wt. and zirconium contents of 
0.40 to 0.76 wt.% were noted within a melt. 
When compared to material prepared by vacuum 
arc melting, the electron-beam-melted mate- 
rial contained fewer interstitials than the arc- 
melted material and was more fabricable. The 
best quality ingots were produced by initially 
inelting by electron-beam techniques and then 
vacuum arc melting. Facilities to electron- 
beam melt plutonium have recently been com- 
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pleted at Hanford.‘ Cesium and uranium have 
been used as stand-ins for the plutonium. 

Although electron-beam melting is receiving 
more attention as increased facilities become 
available, there are continued efforts to improve 
the more conventional melting and casting tech- 
niques. As in the past, efforts are being ex- 
pended to refine the as-cast grain size and re- 
duce the pipe in uranium and uranium-alloy 
castings. Utilization of vibratory energy in the 
range of 50 to 1000 cps for this purpose is cov- 
ered in a British patent.’ It is claimed that the 
pipe in small (7.4 kg) uranium ingots is de- 
creased in length from an average of 10 in. to 
1 to 2 in. by the use of the vibrated molds. 

The use of tantalum crucibles for the melting 
and casting of plutonium and plutonium alloys 
has been investigated at Los Alamos.® Pouring 
is accomplished by melting a melt-out plug in 
the bottom of the crucible when the desired 
temperature is attained. Charges up to 6 kg 
have been melted using the tantalum crucible. 
In conjunction with the evaluation of the tantalum 
crucibles, steel crucibles coated with CaF, 
have also been investigated. No pickup due to 
the CaF, coating in melts heated to 1000°C was 
reported. 


Hanford’s efforts to injection cast aluminum- 
plutonium alloys have been concerned with de- 
creasing the centerline porosity in the injection- 
cast fuel elements. Some success has been 
achieved by utilizing an aluminum wire along 
he axis of the zirconium tube into which the 
molten metal was injected. 


Another melting achievement of note is con- 
tained in the announcement by Oak Ridge of the 
production of the largest known (5 g) melt (inert 
electrode arc) of technetium.’ The metal is soft 
and inherently ductile, although the formation 
of columnar grains limited the reduction by 
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rolling to approximately 50 per cent. Larger 
melts of this material are planned. 

The heat-treatment and fabrication of ura- 
nium have continued to be of interest.’ National 
Lead has reported on its investigation of induc- 
tion heat-treating of uranium cores and has 
compared the resultant structures to those ob- 
tained by the conventional salt-bath treatments. 
They have noted that the induction beta-heat- 
treated cores are comparable in grain size, 
orientation, and structure to the material treated 
in the salt baths. Vacuum outgassing of solid 
uranium core blanks in the alpha temperature 
range has been investigated at Mallinckrodt.’ 
Treatments in the temperature range of 950 to 
1150°F were investigated. It was noted that 
above 950°F the hydrogen was removed more 
effectively but the structure was coarser. At 
this time it appears that the process is feasible 
but limited by economic considerations. It is 
also stated that grain refinement of the beta- 
treated structure can be achieved by alpha 
annealing. 

One method of surmounting the problems of 
the shaping of oxygen-sensitive metals was de- 
scribed in a British patent.'° The method per- 


tains to drawing and extruding processes in 


molten-salt media. In other particular fabrica- 
tion developments, the ability to alpha extrude 
cast holiow billets of uranium into thin-walled 
tubes has been reported by Mallinckrodt.’ A 
process yield in excess of 65 per cent is re- 
ported when material was extruded at 1150°F. 
The material exhibited a normal fine-grained, 
high-alpha structure. 

An aluminum-plutonium alloy wire containing 
15.5 to 16.05 wt.) plutonium was successfully 
produced by extruding 0.375-in.-diameter cyl- 
inders at 450 to 500°C through a shear-face 
die.'' Pressures of 150,000 to 220,000 psi were 
required for an 87:1 reductioninarea. Although 
only three of six extrusions were successful, it 
is believed that the poor recovery was due to 
the finish of the die and billet container and not 
to the technique employed. (E. L. Foster) 


Cladding 


Cladding by Rolling and Swaging 


New innovations not previously reported in 
detail include cold-roll forming of pressure- 
tuve joints and ultrasonic roll bonding of fuel 
plites. Some degree of success was reportedon 





the roll cladding of beryllium-clad fuel elements. 
Swage cladding and densification of UO, are still 
being emphasized, although many of the data 
covered in the previous issue did not demon- 
strate any significant advances. 

A limited degree of success was reported by 
Nuclear Metals’ with the beryllium roll clad- 
ding of uranium—10 wt.%4 molybdenum and 
uranium—61 vol.% UC fuels. The cladding was 
formed by hot-press forging beryllium powder 
around the cores in an evacuated mild-steel 
envelope. The container was then removed, and 
the sample was machined square and inspected 
for faults. After rejacketing, the samples were 
given a 3:1 total reduction in the 1800to 1950°F 
temperature range. Both fuel systems were 
crack-free after fabrication, but the uranium- 
molybdenum samples cracked during thermal 
cycling. 

Roll cladding of wrought plutonium-bearing 
fuels with Zircaloy was attempted at Hanford." 
A 90 to 95 per cent reduction at 1380 to 1470°F 
was necessary for sound Zircaloy-to-Zircaloy 
bonding. This appears excessive in the light of 
previous work reported by Knolls and Bettis. 
Successful bonding of the fuel systems was not 
achieved because failure of the evacuation en- 
velopes halted the fabrication process. 

Preliminary fabrication studies for producing 
dimpled and honeycomb fuel elements were ini- 
tiated at Nuclear Metals.’ Extruded rods of 
Zircaloy-4-clad uranium—10 wt.’o molybdenum 
were rolled to thin ribbons at 1650°F for form- 
ing studies. 

Ultrasonic roll bonding is a relatively new 
fuel-element fabrication technique which shows 
some promise. This process, which was con- 
ceived by Combustion Engineering, *'© utilizes 
a continuous. ultrasonic welder which promotes 
solid-state bonding with a minimum of heating 
and deformation. Although work has consisted 
mainly of development of equipment, satisfac- 
tory joining of type 304 stainless steel was re- 
ported. Also, self-bonding of aluminum alloys 
and bonding of multilayered aluminum-foil side 
ribs to aluminum—UO, dispersions appeared 
feasible. 

In support of the CANDU reactor program, 
Smith and coworkers at Battelle’’’’® are inves- 
tigating cold-roll forming as a means of joining 
Zircaloy-2 to type 410 stainless steel. Various 
surface preparations have been studied to de- 
termine parameters necessary to give cold 
metallurgical bonding. Mating surfaces were 
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finished to 300 .in. rms and scrubbed ina solu- 
tion of MgO-Na,CO,. Metallurgical bonding was 
achieved with a single 45 to 50 per cent cold 
reduction. 

Wire type fuel elements were produced by a 
process that included cold drawing and a com- 
bination of swaging and hot drawing. Fuel ele- 
ments 35 mils in diameter which embody UO, 
cores clad with a nickel—20 wt.% chromium 
alloy cladding were cold drawn from 0.250 di- 
ameter. The final density of the UO, core was 
90 per cent of theoretical. Type 347 stainless- 
steel-clad, uranium-zirconium cores were ro- 
tary swaged and then hot drawn to 0.065 in. in 
diameter by Sylcor.*® Final end closure was 
made by etching out '/, in. of the core and flash 
welding in a stainless-steel end plug. 


FINE (-200 + 325) 





100 0 


MEDIUM COARSE 
(-65 +100) (-14+20) 
Fig. V-1 UO, densities after vibrational compaction 
of various particle-size compositions.”! 


Figure V-1 illustrates results of work at 
Hanford’! on vibratory compaction of UO, prior 
to swaging. Various compositions of particle 
fractions were blended, vibratory compacted, 
and then cold swaged 15 per cent. According to 
ihe data in Fig. V-1, the highest density was ob- 
tained with 60 per cent coarse (—14 +20), 20 
per cent medium (—65 +100), and 20 ver cent 
fine (— 200 +325) particles. However, they men- 
tion previous work where 90 per cent densities 
were obtained using different particle sizes. 

Lamartine”* at Oak Ridge studied the cold 
swaging of UN in type 304 stainless steel. A 
total reduction of 56 per cent produced 82 per 


cent dense fuel material. Diffraction patterns 
of the core material indicated the presence of 
some UO, and U,N;. The author believed that 
higher densities could be achieved with a de 
crease in impurities. 

Swage cladding of UC with niobium-—0.75 wt.’ 
zirconium was reported by Union Carbide.” 
Full densification of the cold-pressed core was 
obtained by swaging 40 to 50 per centat 1600°C. 
Some core-to-cladding reaction product, pre- 
sumably NbC, was noted. (H. D. Hanes) 


Pressure Bonding 


A process that involves the use of gas pres- 
sures at elevated temperatures to produce bonds 
has been termed pressure bonding or isostatic 
bonding. This process is currently being utilized 
to bond or clad numerous metals, ceramics, 
cermets, and dissimilar metals. The process 
is also being used to compact ceramic and cer- 
met materials under a hydrostatic gas pres- 
sure at elevated temperatures. 

The gas-pressure-bonding technique is being 
investigated as a method for fabricating low- 
cost, stainless-steel-clad, uranium dioxide fuel 
elements.” With pressure-bonding conditions of 
3 hr at 2100°F and 10,000 psi, it is possible to 
achieve both densification of the oxide and high- 
integrity stainless-steel bonds in a single op- 
eration. Fuel-element geometries considered 
in this study have included rod, flat plate, and 
tubular configurations. Modifications ofthe 
basic designs, such as corrugated rods, com- 
partmented flat plates, and compartmented rods, 
have been fabricated. 

Uranium dioxide structures pressure bonded 
at temperatures ranging from 2100 to 2300°F 
have exhibited densities from 82.5 to 99.5 per 
cent of theoretical, depending on the type of 
oxide employed. The highest density structures 
were attained with mixtures of 30 to 60 wt.” 
ceramic-grade oxide with fused oxide. This 
particular range of mixtures also permits high 
initial packed or pressed densities and mini- 
mized densification effects in stainless-clad 
elements. 

Final specifications are being established for 
the preparation of in-pile test specimens of 
stainless-steel-clad uranium oxide.”® These 
pressure-bonded, rod type elements will be 
prepared with as-green-pressed cores and will 
measure 0.400 in. in diameter by 36 in. in length. 
Specifications for the preparation of these ele- 
ments are being based on the background of i'- 
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formation achieved during the bonding of rod 
elements approximately 24 in. in length. These 
elements contained green-pressed oxide peliets 
consisting of a mixture of 60 wt. fused—40 
wt.% ceramic UO, with a Ceremul “C” binder. 
Other binder materials are also being studied 


_ on smaller scale specimens to determine the 


effects of these binders on green-pellet density, 


» pellet handling characteristics, final density, 


and final stoichiometry after bonding. 

Process variables and specifications are 
being studied at Bettis” to establish final pro- 
duction methods for the fabrication of blanket 


_ and seed oxide-bearing fuel plates for PWR 
} core 2. 


Considerable experience has been gained at 


' Bettis on the pack bonding of blanket elements 
' which brings the state of knowledge of the two 
_ modifications of pressure bonding (direct iso- 
| static bonding of Zircaloy-clad elements and 
' pack bonding of elements in a disposable con- 


tainer) to an equivalent level. Factorial ex- 
periments have been made to evaluate the ef- 


fects of pressure, rib upset, and cleaning cy- 


cles on bonds achieved during pack bonding. The 
pressures in the range studied (6500 to 7500 
psi) did not alter the properties ofthe Zircaloy- 


_to-Zircaloy bonds achieved. Bond quality was 
| not affected in the range of rib upset of 8 to 17 


mils; however, bonds were generally better 
than those previously observed with less than 


; 8 mils of rib upset. The cleaning techniques for 
production fabrication were established and are 


reported. 
Present. plans now call for utilizing the iso- 
Static process for the preparation of the blanket 


| for PWR core 2, while the seed elements will 


be produced by pack bonding. Such development 
effort as time permits before the start of pro- 
duction bonding will be devoted to refining these 
processes to assure meeting all requirements 
of drawings and specifications. To assure op- 


‘imum corrosion behavior in both the blanket 


and seed regions, it is now planned that all fuel 
elements be subjected to a beta heat-treatment 


} after bonding. 


jtudies are being conducted at Bettis on the 


s effectiveness of pyrolytic carbon as a barrier to 


prevent reaction between Zircaloy and UO, dur- 
ing bonding or heat-treating of bonded elements 
at 1850°F. It was observed that increased bond- 
im temperatures up to 1650°F produced only 
Slight increases in diffusion between core and 
Ci. dding with the pyrolytic carbon barrier layer. 
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Surface roughness as a function of bonding 
was further investigated by Bettis.“ Metallo- 
graphic evaluation of the effect of surface rough- 
ness of abraded components on the bond quality 
of isostatic-pressure-bonded oxide plate sam- 
ples confirmed previous indications that sur- 
face roughness in the range of 80 to 190 pin. 
results in the best and most reproducible bond 
quality. Higher or lower surface roughnesses 
adversely affect bond quality and reduce re- 
producibility. Bond quality for each surface- 
roughness condition was observed to improve 
as bonding temperature was increased above 
1500° F. 

The self-bonding of beryllium as a functionof 
surface preparation and bonding parameters is 
being studied at Battelle.”*»*’ In addition, the 
core-to-cladding reaction between beryllium 
and UO, as a function of bonding parameters is 
being investigated. 

In an attempt to determine whether sound 
bonds could be achieved between all members 
of a compartmented fuel plate composed of sev- 
eral parts, a beryllium structural specimen in 
the form of an I-beam was prepared by pres- 
sure bonding at 1600°F and 10,000 psi. The 
beryllium surfaces were conditioned for bonding 
by abrading with silicon carbide under water. 
Metallographic examination of the I-beam struc- 
ture revealed that a series of small grains 
formed along the bond interfaces of the mating 
surfaces. The beryllium surfaces were appar- 
ently cold worked enough during abrading to 
result in recrystallization and grain growth 
across the original bond interface with no ap- 
parent bond-line contamination. (E. 8S. Hodge) 


Diffusion Bonding 


A process for coating fissionable fuel with 
niobium films has been patented by the British,” 
as discussed later under Canning. If this is 
successful, an attempt will be made topressure 
bond the niobium-plated fuel to aluminum clad- 
ding by isostatic pressing. As a parallel effort, 
the roll bonding of niobium-to-uranium fuel is 
being studied; if successful, these plates are to 
be bonded to aluminum cladding by isostatic 
pressing or a second roll-bonding operation. 
No significant results were yet available. 

(D. C. Carmichael) 


Coextrusion 


Development of the coextrusion process for 
the fabrication of aluminum-plutonium alloy 
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fuel elements was conducted by Hanford.’* Fab- 
rication of 144 coextruded fuel elements with 
aluminum — 7.35 wt.’o plutonium alloy cores clad 
with aluminum (X-8001 alloy) was accomplished. 
The fuel elements were in the form of rods 
0.94 in. in diameter by 60 in. in length, each 
containing 83.3 + 4.2 g of plutonium. Essen- 
tially, as-cast fuel cores were used as coex- 
trusion billets which reduced the amount of 
core machining required and fuel-alloy chips 
generated. The cladding thickness was 0.040 to 
0.120 in. All fuel rods were coextruded in an 
extrusion press which was mounted in a glove 
box or hood. The extruded rods were easily 
decontaminated. Plug and socket type end fit- 
tings were machined on all the coextruded fuel 
rods with no radioactive contamination on the 
machined surfaces being detected. It was dem- 
onstrated that the coextrusion process which 
was developed is capable of producing metal- 
lurgically bonded fuel elements of this type. 

(C. B. Boyer) 


Canning 


A process has been described for enclosing 
the uranium core of a nuclear fuel element by 
placing the core in an aluminum cup and closing 
the open end of the cup over the core.*® As the 
metal of the cup is brought together in a weld 
over the center of the end of the core, it is ex- 
truded inwardly as an internal projection into a 
central recess in the core and outwardly as an 
external projection. Thus oxide inclusions in 
the weld of the cup are spread out into the in- 
ternal and external projections and do not in- 
terfere with the integrity of the weld. 


A suggested approach’! to the problem of de- 
tecting areas of poor heat transfer on canned 
slugs involves heating the slug internally and, 
with the jacket wail bathed in coolant, scanning 
the surface with 2 suitable probe to indicate the 
spots of high and lowtemperature. Several 
variations of this principle have been tried. 
The most successful technique involved exter- 
nal heating and percussion welding of two alumi- 
num studs to the canning jacket. The ends of 
the studs were threaded to fit the tip socket of 
an electric solderingiron. Thermocouples were 
attached to the studs at their junction with the 
Slug jacket and at the base of the threaded por- 
tion the same distance apart on each stud. Com- 
parison of the equilibrium temperatures of the 
two stud-cladding junctions indicated that the 


stud welded to the known unbonded portion of the 
slug was 5°C hotter than that on the sound bond 
stud, This result would indicate that the dif- 
ference in heat-transfer capacity of the two 
jacket areas could be measured by this tech- 
nique. However, this test is a destructive one 
and would not be suitable for production. 

A diffusion-canning process is described in 
which uranium fuel is clad with a zirconium can 
by passing the element through a die.*! The op- 
eration takes place at a temperature varying 
between 500 and 1000°C. The heating is accom- 
plished by passing a low-voltage current through 
the can. This process differs from the coextru- 
sion process in that the uranium is not deformed. 
A vacuum is maintained between the uranium 
core and zirconium can during the drawing op- 
eration. Subsequent to drawing, the element is 
heat-treated at- 800°C to obtain the final diffu- 
sion. The quality of this core-clad bond is de- 
pendent on the initial surface conditions of the 
components used andthe degree of vacuum main- 
tained during the drawing operation. 


A fabrication process for producing integral 
finned tubing has been described which avoids 
the thermal barriers resulting from joining fins 
to tubes.** The fabrication is performed on 
tubes with integral fins either ofthe longitudinal 
or helical variety in this manner: a series of 
transverse cuts is made in the shorter fins at 
equal intervals along the tube length, and each 
fin segment is twisted at the top so that its tip 
is either inclined or longitudinal to the tube 
axis. An integral finned tube may be made 
which has improved heat transfer and reduced 
tendency to bow under reactor irradiation and 
thus is particularly suited for canning reactor 
fuel elements. 

A process has been patented for coating fis- 
sionable fuel with niobium films preparatory to 
cladding with an aluminum can to prevent re- 
action between core and can.”* Such films are 
0.1 to 0.2 » thick and may be applied by evapo- 
ration onto the fuel elements in a chamber in 
which a niobium piece is attached to a tantalum 
heater. 

An improved process for cladding uranium 
with aluminum is outlined in a recent British 
patent.** A thin layer of nickel (0.250 in.) is 
sandwiched between the metals to be joined. 
Joining is completed by heating the sandwich in 
the 535 to 625°C teraperature range under pres- 
sures of 11 to 25 .si for 8 min to produce 4 
solid-state weld. In this manner, alloying b- 
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tween the uranium and aluminum and subsequent 
formation of brittle diffusion products are said 
to be prevented. 


Several niobium-, vanadium-, and tantalum- 
base alloys are being considered for canning 
materials for use in future fast reactors.™ 
These alloys possess the necessary compati- 
bility with most fuels and sodium coolant at 
temperatures in excess of 900°C. 

(E. G. Smith, Jr.) 


Nonelectrolytic Chemical-Plating Techniques 


Coatings on Extended Surfaces. Studies of 
the deposition rate of titanium from titanium 
tetraiodide can be aided by the use of heat- and 
mass-transfer models.*® Such models consist 
of aluminum rods arranged in a ',-scale pat- 
tern with a recirculating air supply. The de- 
pendence of local and averaged rates of heat 
transfer and consequent metal transfer upon 
outlet geometry, number of rods, position upon 
a rod, and air flow rate is established for flow 
patterns created by radial and tangential air 


inlets. 


A brief review*® of advanced coating methods 
included a discussion of the application of ce- 
ramic and refractory-metal coatings by means 
of chemical vapor deposition. 


Included in a report*’ describing the experi- 
mental coating of uranium with zirconium by 
chemical vapor deposition was an excellent his- 
torical review of the art as well as a useful 
discussion of reaction mechanisms. 


A reasonably protective coating for niobium 
can be secured by exposing heated niobium to 
zinc vapor.** A niobium specimen, together 
with a small (stoichiometric) amount of zinc, 
is placed in an evacuated and sealed silica cap- 
Sule. By maintaining the temperature of the 
niobium specimen a few degrees above that of 
the zinc source and air cooling the container 
after the coating cycle, a surface layer of NbZn, 
can be produced. The coating is self-healing in 
air at temperatures approaching 2000°F, since 
a tight protective layer of ZnO is formed. 


A continuing program at High Temperature 
Materials, Inc.,*°**' is aimed at the develop- 
ment of methods for forming massive deposits 
© pyrolytic hafnium carbide, niobium carbide, 
d tantalum carbide. The methods are equally 
eful in the preparation of coatings of these 
Thides. 


Oo ¢ pp 
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Choice of a suitable graphite substrate, of ex- 
pansion compatible with that of hafnium car- 
bide, permitted the formation of reasonably 
uniform crack-free hafnium carbide coatings 
10 to 44 mils thick. The microhardness number 
of such coatings lies in the 3500 to 4000 DPH 
range. Niobium carbide was deposited on a hot 
wire at temperatures in the 1700 to 2100°C 
range. Other parameters included metal halide- 
to-methane ratios from 1:4 to 1:1 and reduced 
pressure (1 to 15 mm Hg). The microhardness 
numbers of the deposits were in the 2440 to 
2732 DPH range, which compares favorably with 
those of commercial material (2400 to 2470 
DPH). Numerous tantalum carbide coating ex- 
periments were carried out on various sub- 
strates, including flat plates, rocket-nozzle in- 
serts, and full-scale rocket nozzles. The physi- 
cal properties and oxidation resistance of the 
deposits were evaluated. 


Coatings of pyrolytic carbon also were pre- 
pared. ‘*-*? The internal surfaces of tubes, made 
of refractory materials, were used as sub- 
strates. The coating atmosphere was an inert 
gas with a low concentration (e.g., 2.5 vol.%) of 
methane or propane. Coatings, 21 mils thick, 
were formed in 4 hr at 2000°C and were quite 
uniform, with a maximum thickness variation 
of 10 per cent. X-ray methods were used to 
determine crystallite dimensions. 


Titanium nitride coatings on graphite were 
formed by chemical vapor deposition.‘ The 
atmosphere was a mixture of commercial hy- 
drogen, containing nitrogen, and TiCl, vapor 
prepared by bubbling the hydrogen through liquid 
TiCl,. This mixture was passed over a hemi- 
cylindrical specimen of AGX graphite, induction 
heated to 1200°C ina quartz tube. At a hydro- 
gen flow rate of 1.6 liters/min, 20 mg of TiN 
per square centimeter of substrate was depos- 
ited in 12 min. Such coatings are protective for 
at least 60 sec in a Mach 2 air stream witha 
stagnation temperature of 2200°C; the TiN coat- 
ing is converted to the oxide. Uncoated graphite 
specimens, subjected to the same test condi- 
tions, were damaged after 20 sec and were de- 
stroyed at the end of the 60-sec test cycle. 

Uniform, dense coatings of Al,O,, 5 to 15 
thick, can be formed on 44- to 350-,, UO, par- 
ticles by hydrolysis of Al,Cl, vaporina fluidized 
bed of the particles*® at 1830°F. Such coated 
particles are resistant to HNO, leaching, to 
oxidation in 1830°F air, and to thermal cycling 
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between 600 and 2500°F. After low neutron- 
irradiation exposures, coated particles show 
excellent fission-gas retention at temperatures 
up to 2400°F in inert gas. Thé coating process 
should be feasible ona commercial scale. Typi- 
cal operating conditions include the following: 


Particle-bed weight: 100 g 

UO, particle size: 105 to 149 yp 

Reactor-wall temperature: 1830°F 

Aluminum chloride-vaporizer temperature: 300 to 
320°F 

Water-vaporizer temperature: controlled on basis 
of a previous calibration 

Gas flow through aluminum chloride vaporizer: 


0.75 standard liter/min 
Gas flow through water vaporizer: 0.75 standard 


liter/min 

Main fluidizing gas flow: 2 standard liters/min 

Reactant composition: 96.5 mole ‘4 Hy, 1.3 mole % 
Al,O3, 2.2 mole % H,O 

Coating rate: 3 g/hr 

Fraction of Al,O, as cuating: 50 wt.% Al,Cl, con- 
version 95 per cent 


Coating rate: 0.8 u/hr 


Alumina coatings were deposited on UO, par- 
ticles by hydrolysis of Al,Cl, vapor ina fluidized 
bed.’"-46 First, a 5-u coating of dense Al,O, was 
applied. Subsequently, 5-, 20-, 40-, and 45-- 
thick coatings of dense Al,O, were applied at 
1000°C. A 12- coating of porous amorphous 
Al,O; was applied at 700°C. Test data indicated 
that this amorphous Al,O, may undergoatransi- 
tion to the crystalline form of Al,O, during sub- 
sequent thermal cycling. 


Fuel particles were coated with pyrolytic 
carbon by the decomposition of hydrocarbons in 
a tumbling-bed reactor at temperatures above 
1500°C and in a fluidized bed of the particles at 
temperatures*”** below 1500°C. Owing to par- 
ticle agglomeration, nonuniformity of coating, 
and adherence to reactor walls, future work will 
be confined to temperatures below 1500°C until 
a high-temperature fluidized-bed reactor can 
be set up. Evaluation of the carbon coating em- 
bodies microscopic examination, measurement 
of hardness, direct alpha count, and measure- 
ment of fission-gas release on postirradiation 
heating. (E. M. Sherwood) 


Electroplating 


The preparation of thorium for corrosion- 
protective nickel plate influences the protective 
quality of the coating.‘’ Electropolishing in a 
sulfuric acid—phosphoric acid solution was more 





effective than chemical pickling in a nitric 
acid—hydrofluosilicic acid bath. Removing 4 
mils, of thorium from the surface by electro- 
polishing gave better results than the removal! 


of 2 mils. Small blisters developed in thorium 
specimens plated with 1 to 2 mils of nickel after 
50 to 106 hr of exposure to water-saturated air 
at 200°F. The blistering is associated with hy- 
drogen pickup during activation and plating, 
which is minimized by electropolishing in place 
of chemical pickling. In subsequent work at 
Battelle, metallographic examinations of cross 
sections showed that the blistering occurred 


below the thorium surface.’ With slow heating 
to 500°F in a vacuum and with 1- to 2-hr hold- 
ing periods at 200, 300, and 400°F, hydrogen 
was outgassed with no blister formation.“ 

In Hanford studies along the same lines, ten- 
sile shear tests with an epoxy resin adhesive 
indicated that chemical pickling was more ef- 
fective than electropolishing for pretreating 
thorium surfaces." 


After electroplating uranium with copper, 
nickel, or chromium, electrochemists at the 
Bureau of Standards* observed black films be- 
tween the uranium and the coating which they 
attributed to the oxidation product of a moisture 
film adsorbed on the uranium surface during 
cleaning or during the initial stage of the plat- 
ing process. The black oxide film was not elimi- 
nated when coating thicknesses were increased 
to 0.008 in. to ensure dense, pore-free coatings. 
When uranium was rinsed, after cleaning, in an 
oleic acid—ethyl ether solution or in formamide 
and ethyl ether and then plated with aluminum 
in a nonaqueous, aluminum chloride —ethy! 
ether—lithium hydride bath, good adhesion was 
obtained and no black films were formed, pro- 
vided the aluminum was at least 0.004 in. thick. 
Under thinner coatings, the black oxide usually 
was apparent. 

Other laboratories have been able to plate 
nickel in aqueous solutions with no evidence of 
black, oxide-film formation between the uranium 
and the coating.‘*~°? Comparison of the Bureav 
of Standards procedures with those of others 
reveals differences in the preparation of the 
uranium that may account for the difference in 
results. Anodic treatment in phosphoric aci¢ 
or chemical treatment in chromic acid solu- 
tions probably produced a film of phosphate, 
chromate, or oxide film which interfered with 
good adhesion and supplied the oxygen respon- 
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sible for the formation of the black film ob- 
served under the electroplate. If uranium is 
chemically treated in nitric acid solution after 
any anodic treatment in a phosphoric acid so- 
lution to remove the anodic film, good adhesion 
can be obtained with no tendency for black, 
oxide-film formation after nickel plating.‘%5° 52 

Methods for electroplating nickel and other 
metals on uranium, disclosed in two recent 
British patents,” include diffusion alloying 
of the nickel at 700 to 800°C to improve its ad- 
herence to uranium. Coatings of lead, copper, 
chromium, or aluminum-silicon alloy can be 
applied over the nickel after diffusion bonding, 
according to these patents. 

Nickel and zirconium-nickel alloy were elec- 
troplated with good adhesion to urania, at 
Gladding-McBean.” Coating thicknesses were 
0.005 to 0.01 in. The alloy contained 15 percent 
zirconium and 85 per cent nickel. 

Chemical plating with nickel is effective for 
improving the corrosion resistance of alumi- 
num-clad fuel elements. The organic acid and 


| the concentration used in the electroless nickel 


bath influence corrosion resistance and the 
ductility of the nickel deposit. 

While exploring the feasibility of cathodically 
depositing uranium oxide for fuel elements, 
Hanford investigators®*’ discovered that UCI, in 
the deposit could be reduced by utilizing low- 
melting electrolytes such as the potassium 
chloride—lead chloride eutectic, melting at 


| 411°C. Adherent, crystalline UO, deposits con- 


taining 200 ppm lead and potassium were ob- 
tained. 

A diaphragm cell was devised which includes 
a porous crucible in which an anode, a cathode, 
and fused melt are inserted. The anode and 
cathode are separated by a porous glass, silica, 
beryllia, or alumina diaphragm to hold impuri- 
ties in the anode compartment. When electroly- 
sis is completed, the crucible is drained of 
electrolyte and heated to melt the reduce metal. 
Uranium was produced in this manner withiron, 
nickel, manganese, and carbon impurity con- 
tents of only 7, 1, 1, and 90 ppm, respectively. 
This is compared with the 200 ppm iron, 12 
ppm nickel, 15 ppm manganese, and 1700 ppm 
carbon impurities found in the uranium fluoride 
acditions to the fused eutectic mixture. 

Purified hafnium was recovered at the Bureau 
of ‘Mines*®® from zirconium-containing sludge 
from one electrolyte by subjecting it to elec- 
trolysis in a second cell. The first deposit, 
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produced during 11 amp-hr, contained 92.9 wt.’ 
zirconium. Subsequent deposits contained suc- 
cessively less zirconium and more hafnium. 
The hafnium content of the cathode deposit 
reached 97 wt.% after 27 hr of electrolysis. 
Yttrium deposition was facilitated by using a . 
low-melting, lithium —potassium chloride elec- 
trolyte in place of fused potassium chloride. 

(W. H. Safranek) 


Ceramic Coatings 


The oxidation resistance of silicon-SiC coated 
graphite support sleeves is being evaluated at 
Oak Ridge.®® When heated in flowing air for 6to 
24 hr at 420 to 650 C, coated graphitetype 901S 
showed no loss in weight. The loss observed 
with coated graphite type 580 ranged from one- 
third to nearly equal that of an uncoated speci- 
men. The difference in the results with types 
901S and 580 graphite was explained as being 
due to the anisotropy of the latter. 

Aerojet-General®' has experimented with 
Silicon-SiC coatings on graphite. A two-step 
process is embodied in a technique in which a 
Silicon layer is first reacted with the graphite 
to form SiC, and a second silicon layer is then 
applied and fused. Better oxidation resistance 
at 1000°C in air was obtained when silicon was 
initially bonded to the graphite with a solution 
of VYNS resin in cyclohexanone than when it 
was applied as a suspension in acetone. 

The feasibility of coating Zircaioy with 
porcelain-enamel type coatings has been dem- 
onstrated by Argonne.** It was further shown 
that 5 wt.’) Gd,O, could be introduced into these 
coatings. 

Commercial coatings for molybdenum are be- 
ing evaluated by General Electric.® Specimens 
coated with Climax Molybdenum aluminum- 
chromium-silicon, Linde LM-5, and Chromalloy 
W-2 have been evaluated. Some data are pre- 
sented, but no conclusions have been reached 
regarding the relative merits of the coatings. 
Under thermal-shock flexure tests,® Chro- 
malloy and Climax coatings lasted 10 hr, and 
Linde coatings withstood the test for5hr. Fail- 
ure in each coating resulted from cracks per- 
pendicular to the base which exposed the molyb- 
denum to attack by oxygen. 

Attempts are being made to adapt a coating 
consisting of glass-impregnated, flame--sprayed 
alumina for the protection of molybdenum.”*’”” 
The maximum life obtained was 100 hr under 
static oxidation testing at 2300° F. 
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A British patent®* describes a technique for 
coating titanium, zirconium, beryllium, and 
their alloys with complex fluorides. Metal sur- 
faces are dipped in a solution containing 2 wt.‘; 
of a complex acid of fluorine suchas fluosilicic, 
fluoboric, fluophosphoric, or fluosulfuric acid. 

(B. W. King) 


Welding and Brazing 


A new bibliography of interest in the welding 
field was issued recently,*® presenting 270 addi- 
tional references on this subject. 


Further studies of the crack susceptibility of 
the nickel-molybdenum alloy, INOR-8, are being 
made.®* The studies are designed to evaluate 
the effect of composition and deoxidation prac- 
tice on the cracking susceptibility. A large 
number of test weldments have been prepared 
and examined for evidences of cracking. Hot- 
ductility-test samples also are being made. 
Cracking can apparentiy be eliminated by as- 
suring purification and deoxidation of the melt 
during initial casting. An addition of 20 per 
cent niobium to the basic composition appears 
to eliminate the weld-metal cracking problems. 


Oak Ridge investigators also are continuing 
their studies of beryllium joining.®° Recent work 
has included refinement of fusion-welding tech- 
niques, development of high-temperature braz- 
ing alloys, and fabrication of a large number of 
tube-burst specimens. Measurements of the 
weld-metal grain size in beryllium fusion welds 
have established that the grains are between 45 
and 90 » in diameter. Welding and brazing of 
155 beryllium tube-burst specimens were ac- 
complished. These specimens were fabricated 
from 0.3-in.-ID by 0.040-in.-wall beryllium 
tubing. End caps were inserted with a light 
taper and were fusion welded at each end of the 
tube. A type 318 stainless-steel tube was in- 
serted in one of the end caps and was sealed in 
place by brazing with a 49 wt.') titanium—49 
wt.% copper—2 wt. beryllium brazing alloy. 
About 10 per cent of the total number of speci- 
mens were rejected because of leaks inthe weld 
or brazed joints. The highest rejection rate was 
observed in the specimens fabricated from 
Pechiney tubing. The welds in this material 
also contained much more evidence of porosity 
than welds in the remaining materials. In all, 
31 per cent of the welds contained porosity. 
However, specimens containing porosity are in- 


cluded in the burst program. No failures have 
occurred in either the welded or brazed joints. 
Canadian experience in the solid-phase bond- 
ing of Zircaloy-2 by resistance heating is de- 
scribed. The work was conducted on a con- 
ventional welding machine; however, welding 
conditions were set so that fusion of the base 
metal did not occur. It was concluded that spot 
type joints with shear strengths comparable to 
those required in the U. S. military aircraft 
specifications for titanium could be made. Ade- 
quate joints were obtained between surfaces 
prepared by pickling, abrading, or machining. 
The shear strength was sensitive to thickness 
variation. The tolerances of the process for 
variation in settings of current, electrode force, 

and welding time were established. 
(R. E. Monroe) 


Explosive Forming 


A state-of-the-art report on explosive metal- 
working has been published by the Defense Met- 
als Information Center (DMIC) at Battelle.” 
The report describes the principles of explosive 
forming and its effect on material properties; 
covers applications such as forming, powder 
compaction, welding, flanging, hardening, cut- 
ting, forging, and punching; and discusses the 
advantages and disadvantages of explosive 
metalworking. 


The manner in which the load is released, as 
well as applied, is quite important in explosive 
forming. When a material is subjected to an 
explosive load, such as the type encountered 
with contact charges, it can momentarily ac- 
cept a large amount of elastic energy. The ma- 
jority of this elastic compression is released 
after the pressure pulse has reached its peak 
and the load begins to decrease. The material 
tends to revert to its original energy state dur- 
ing this decrease in loading, and if the load is 
released too rapidly, it will overextend itself, 
thereby inducing tensile stresses which will 
cause a distortion or fracture of the material. 
It is usually possible to avoid this effect by in- 
creasing the time-pressure profile to permit a 
more gradual release of the load. 


Critical impact velocities and relative par- 
ticle velocities are also of considerable im- 
portance in explosive metalworking. The criti- 
cal impact velocity is defined as that velocity at 
which the material will fracture in a brittle 
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manner at the point of impact. The critical- 
impact-velocity concept can be extended to in- 
clude relative particle velocity, a value which 
represents the difference in velocity existing 
between two adjacent body elements under dy- 
namic conditions. The relative particle velocity 
also possesses an upper limit that a material 
can sustain without fracture. This value, called 
the critical relative particle velocity, is usually 
assumed to be equal to the critical impact ve- 
locity of the material. The application of the 
critical-relative-particle-velocity concept is 
most useful when considering explosive-metal 
systems in which abrupt changes in particle 
velocity due to the propagation and interaction 
of stress waves exist. In most sheet-metal 
forming operations, however, there exists a 
continuous gradient of relative particle velocity 
along the workpiece. In such cases the critical 
relative particle velocity or critical impact 
velocity becomes less meaningful in terms of 
quantitative values. 

In many forming operations, fracturing of the 
workpiece may be due to factors other than ex- 
ceeding the relative particle velocity of the ma- 
terial. These other factors include thinning of 
the workpiece, work hardening, and conditions 
of dynamic stress concentration. Thus other 
factors must be included in the determination 
of the particle velocity which should be used to 
perform a specific forming operation with a 
given material. 

The effect of explosive forming on the proper- 
ties of a material and the behavior of the ma- 
terial during an explosive forming operation 
are subjects of considerable debate. Although 
several theories have been postulated to explain 
what occurs within a metal body during explo- 
Sive forming, there is a general consensus that, 
when a metal is subjected to an impulsive load, 
it passes through a phase during which it be- 
haves as a viscous fluid and, while in this fluid 
condition, forms to the contour ofthedie. From 
a practical standpoint, during explosive forming 
the metal undergoes severe plastic deforma- 
tion, and the metal behavior during a forming 
operation may frequently be studied by means of 
a matheinatical analogy based on a fluid model. 
Under explosive pressures, metals behave 
plastically and do not become fluid; they move 
through the elastic to the plastic range and take 
permanent set in a few millionths of a second. 

A technical paper describing some of the 
b.sic methods presently being used in explosive 
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compaction of metal powders and a monograph 
discussing typical results obtained by explosive 
compaction have been prepared by Battelle.””’"° 
The extreme pressures generated by the detona- 
tion of a high-explosive charge, from 2,000,000 
to 4,000,000 psi for a contact charge, are quite 


_ desirable for metal-powder-compaction opera- 


tions. Such pressures, although short lived, have 
been effective in producing deformation at am- 
bient temperature in many common and high- 
strength metals during explosive-forming op- 
erations and consequently would also be expected 
to produce similar deformation in powder metal 
particles. 

Possible methods for compacting metal pow- 
ders with explosives range from those utilizing 
familiar powder-compacting die designs to those 
techniques in which pack assemblies rather than 
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Fig. V-2 Haynes Stellite alloy 25 powders compacted 


at ambient temperature with explosives. Density 


measured at 94.6 per cent of theoretical.”” Magnifi 


tion 250 » 











Fig. V-3 
body fabricated by explosive compaction, 


Typical microstructure in unsintered BeO 
69 


course, depends on the final size and geometry 
desired and the properties of the metal powder 
in question. With each system the compacting 
characteristics are dependent on parameters 
such as weight of charge, media, buffers, axi- 
ality, and detonation patterns. 

In general, high final densities on the order 
of those normally achieved through pressing 
and sintering have been attained in the explosive 
compaction of metal powders. For a given set 
of experimental conditions, the density obtained 


and the resultant green strength are dependent: 


on the ductility and particle sizing of the in- 
dividual powders. In many instances, inter- 
particle bonding has been indicated, although no 
tests have been directed at establishing the de- 
gree of such bonding. 

In Battelle experiments, ceramic, cermet, 
and metallic materials have been compacted into 
such shapes as rods, tubes, fluted tubes, and 
flat plates. Figures V-2 to V-4 show typical 
structures obtained by this method. 


REACTOR CORE MATERIALS 


Explosively compacted 30 wt. UO,—tungs- 


Fig. V-4 
ten cermet inthe unsintered condition.’ Magnifica- 


tion 100 x, 


Nonoxide ceramics, such as borides, car- 
bides, silicides, and graphite, have also re- 
sponded favorably to explosive compaction. The 
following is a list of several materials com- 
pacted at Battelle along with their as-compacted 
densities. 





Percer.age of 
Materials theoretical density 
25 wt.~% UO,—75 wt.% nickel 5 
Tungsten 94.4% 
Haynes Stellite alloy 25 O5 
Titanium R84 
20 wt, 
25 vol.4% UN—75 vol. rit 96.2 


MoSi» 98.1 


MoSi,—80 wt. ZrB 95.6 


Graphit« 93.9 
Beryllium 96 
Zircaloy-2 97 








Thoriated tantaiu - 97 


30 wt... UO,—7% wt.*> tungsten 96.2 
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Basic and applied research investigations re- 
garding the dynamics of metal-explosive sys- 
tems, the effects of explosive loading on mate- 
rial properties, the physics of stress waves and 
their effects, fracture dynamics, and other re- 
lated subjects have been conducted at the U. S. 
Naval Ordnance Test Station at China Lake." 
In a report on this work, the energy sources 
available for conducting explosive- metalworking 
operations are discussed. Some of the charac- 
teristics of deflagrating and detonating explo- 


Table V-1 CHARACTERISTICS OF HIGH 
AND LOW EXPLOSIVES"! 














Property High explosives Low explosives 
Method of Primary high explosives: Ignition 
initiation ignition, spark, flame, 


or impact 
Secondary high explosives: 
detonator, or detonator- 
booster combination 
Conversion 


Microseconds Milliseconds 


time 

















Conversion 6000 to 28,000 ft/sec A few inches 
rate to a few feet 
per second 
Pressures Up to about 4,000,000 psi Up to about 
40,000 psi 
Table V-2 TYPICAL DETONATION RATES"! 
Rate of detonation, 
Explosive ft/sec 
Amatol, 50-50 21,000 
Ammonium nitrate 8,800 
Composition A-3 26,500 
Composition B 25,600 
Composition C-3 25,000 
Composition C-4 26,300 
Dynamites, ammonia 8,800 —15,000 
Dynamites, ammonia gelatin 14,400 —18,700 
Dynamites, gelatin 13,100 —20,300 
Dynamites, straight 14,400 —19,300 
Lead azide 16,700 
Lead styphnate 17,100 
Mercury fulminate 17,700 
Nitroglycerin 25,200 
PETN 27,200 
Tetryl 25,700 
TNT 22,600 





Sives are given in Table V-1; Table V-2 gives 
1€ detonation velocities for a number of com- 
!non explosives. 

A study concerning the explosive forming of 
efractory metals is presently being conducted 
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by the Chromalloy Corporation.” The objectives 
of this program are (1) to develop techniques 
for the explosive forming of refractory metals, 
(2) to investigate the effects of detonation waves 
on these materials, (3) to determine the feasi- 
bility of using explosive techniques as a means 
of joining refractory metals, and (4) to obtain 
some measure of the deformation rate and its 
effect on the explosive forming of refractory 
metals. The major emphasis during this pro- 
gram is being placed on molybdenum, with 
tungsten, niobium, and tantalum also being con- 
sidered. 

Several tests have been run with pure molyb- 
denum and a ¥, per cent titanium-molybdenum 
alloy. The charge used during this phase of the 
study was 15 per cent dynamite, and the trans- 
fer medium was 325-mesh powdered alumina. 
The charge weights used were 35 g for 0.010- 
in.-thick material, 50 g for 0.020-in.-thick ma- 
terial, and 70 g for 0.040-in.-thick material. 
These charges, although greater than those used 
in earlier work, have been found to be optimum. 
Other parameters investigated during this pe- 
riod included strain rate and metal deforma- 
tion velocity. 

A program to develop a fabrication process 
for the cold joining of Zircaloy-2 to type 410 
stainless-steel pressure tubes is presently being 
conducted at Battelle.'’ One of the fabrication 
processes being considered is explosive joining. 
Initial studies to determine the surface prepara- 
tion and charge weight required to produce a 
good bond have been conducted with flat-plate 
assemblies. Surface finishes of 300 yin. rms, 
with subsequent cleaning and scrubbing with a 
MgO-Na,CO, slurry, have been found to produce 
the best bonds. The optimum charge weight was 
found to consist of 16 g of EL-506A-2 sheet 
explosive. 

Hanford’** has been experimenting with the 
compacting of UO, powder by high-energy im- 
pact with a Dynapak machine. Instantaneous 
pressures of approximately 500,000 psi have 
been developed by using Bridgman anvil punches, 
with expendable steel reinforcing rings placed 
around the stainless-steel capsule containing 
the UO,. 

It was found that py having a slight excess of 
oxygen in the UO, the plasticity and achievable 
density were increased. It was necessary to 
use a vented capsule for this operation Since, 
when the UO, was heated, some of the excess 
oxygen was released. With a sealed capsule, an 
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internal pressure was built up by this released 
gas, which caused porosity in the compacted 
UO,. 

Micronized UO,, —200-mesh fused UO,, and 
—200-mesh sintered and crushed UO, have been 
compacted at 1200°C by high-energy impact, 
using the Bridgman anvil technique. The densi- 
ties to which the materials were compacted and 
their final oxygen-to-uranium ratios were 99.5 
per cent of theoretical density with a ratio of 
2.0397, 99.5 per cent of theoretical density with 
a ratio of 2.0018, and 99.0 per cent of theoreti- 
cal density with a ratio of 2.0046, respectively. 

(C. C. Simons) 


Nondestructive Testing 


Nondestructive Testing 
by Means of Ultrasonic Energy 


A recently published book™ should be very 
useful to those faced with nondestructive-testing 
problems. An impressive list of subjects is in- 
cluded which cover the principles of a large 
number of nondestructive-testing methods in 
language that is easily understood by the layman. 

Mode conversion, a result of the ability of a 
solid to transmit many ultrasonic wave types at 
different velocities, often causes confusion in 
interpreting ultrasonic nondestructive-testing 
data. Although there are claims that rough wall 
surfaces on a cylinder eliminate all but the 
fastest modes, work at Argonne” shows that 
rough surfaces do noi reliably prevent mode 
conversion. 

Actually, mode conversion is an indication of 
the versatility of ultrasonic testing; for exam- 
ple, inspection for nonbond regions in clad struc- 
tures by means of Lamb waves is being done at 
Oak Ridge.”""’ A wave incident on an unbonded 
area is converted to Lamb waves in the thin 
delaminated section. Only the Lamb wave is 
detected, and its presence is an indication of a 
delamination or nonbond. This method is sensi- 
tive to nonbond areas '/,, by */,, in. 

Oak Ridge has been evaluating another non- 
bond test in which a beam directed normal to 
the surface of a 0.065-in.-thick type 304 
stainless-steel can surrounding the copper cyl- 
inders of a liquid-metal boiler is able to detect 
areas of nonbond. This method is sensitive to 
nonbonds as small as *;, in. in diameter in 
small experimental specirsnens. The full-size 
test pieces are more difficult to inspect by this 


method because the method is sensitive to thick- 
ness variations. 

An.interesting method of determining bond 
quality in PWR fuel elements is being investi- 
gated at Armour Research. **"*"' This method, 
called charge scanning, is based on a principle 
that has been used in other systems for visual- 
izing acoustic fields; i.e., producing an acoustic 
image on a piezoelectric crystal. The charge on 
the face of a piezoelectric crystal is a function 
of the pressure across the crystal. If the faces 
of the crystal are connected to electrodes, the 
voltage measured across the crystal is an in- 
tegrated value. By contrast, in the Armour 
charge-scanning procedure, the electrical 
charges on the reverse side of the receiving 
crystai are detected incrementally by scanning 
the crystal either with a fine wire or with the 
electron beam of an iconoscope type vacuum 
tube. Since the charge at any point is a function 
of the sound pressure at that point, it should be 
possible to obtain contrast between defective and 
nondefective areas by a drop in signal. 

Both eddy currents and an immersed ultra- 
sonic-resonance technique are being studied’® 
as means of detecting and measuring the thin- 
ning of cladding in seed elements. Reasonably 
standard equipment of either type can detect 
thinning in areas’as small as ', in. in diameter. 
The ultrasonic method was considered a little 
more promising at the time the reference report 
was written because it was not affected by con- 
figuration and because it was a faster method. 

An eddy-current system and an ultrasonic 
system have been combined at Hanford” to pro- 
duce a multiple nondestructive-testing station 
for NPR fuel elements. Eddy currents at 20 kc 
are used to measure the cladding thickness with- 
in approximately +0.002 in. Eddy currents at 
120 ke reveal discontinuities in the cladding. 
Simultaneously, ultrasonic energy at 15 Mc is 
used to inspect the bond between the zirconium 
and uranium. The energy that passes through a 
good bond reveals defects in the core. In the 
absence of defects, the attenuation of the pulse 
is used as a measure of the average grain size 
of the uranium. Hanford uses a low-Q lithium 
Sulfate crystal with a short focal length. The 
low Q enables the transducer to be used over a 
wide range of frequencies, the same transducer 
being used for core-integrity measurements ’ 
at 5 Mc. 

There are interesting basic studies beinz 
conducted at Argonne,®® the results of whic 
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will be of benefit to the field of nondestructive 
testing. For instance, Argonne is investigating 
the velocity and attenuation in three steel cyl- 
inders */,, in. in diameter by 1% in. long. The 
initial pulse must be considerably shorter than 
1.3 usec. Argonne is trying to obtain an initial 
pulse of '/, ysec which would be 5 cycles at 10 
Mc or 10 cycles at 20 Mc. It will be interesting 
to see how this is accomplished with sufficient 
intensity to obtain the measurements desired. 
Argonne has also measured shear-wave ve- 
locities on a single crystal of alpha zirconium 
using frequencies®® in the range 40 to 45 Mc. 
These measurements were made continuously 
over the 20 to 870°C temperature range, thus 
making possible the precise determination of 
the elastic modulus. Although the alpha-beta 
transformation point of zirconium reportedly is 
862°C, this single crystal did not change struc- 
ture, the velocities at given temperatures be- 
low 822°C being identical both before and after 
heating the crystal to 870°C. (D. Ensminger) 


Eddy-Current and Other 
Nondestructive-Testing Techniques 


An eddy-current transducer has been de- 
veloped’ to measure the spacing between fuel 
plates. The eddy-current coil is mounted be- 
tween a leaf spring and the end of a tape meas- 
ure. By scanning the fuel-plate spacing, the 
leaf spring translates the spacing measure- 
ment to eddy-current readings from the coil. 
The range of this unit was for spacings of 0.110 
to 0.160 in. This would seem to have wide ap- 
plication since, if the eddy-current parameters 
were chosen properly, the coil would be sensi- 
tive only to the movements of the spring. The 
calibration could. then be constant for any ma- 
terial one might choose to measure. In fact, a 
similar system*' is being adapted for the meas- 
urement of the inside diameter of tubes. The 
Spring idea has been varied by uSing an en- 
circling coil around the metal spring-loaded 
feeler. 

The dual-frequency, probe type, eddy-current 
inspection technique previously developed by 

rgonne® has been employed successfully in 

inspection of Zircaloy-2 tubing used as the 
jacket for the ZrO,-CaO-UO, spike fuel for the 
'BWR.*3 This method employs a small-diame- 

r probe and is capable of detecting small in- 

rnal cracks in the tubing ona production basis. 

1e€ inspection rate was not disclosed; however, 
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in the earlier communication™ the rate calcu- 
lates to approximately 11.7 in./min, with the 
Suggestion that it could be increased by 100 
per cent. 

An unusual electro-potential test was de- 
veloped for detecting voids in the coatings on 
graphite.’ A galvanic cell is established with 
the coating as one electrode, a suitable elec- 
trolyte, and a second electrode. In one experi- 
ment for a silicon-SiC coating, the electrolyte 
was made up of a dilute solution of chromic and 
Sulfuric acids. The second electrode was made 
of zinc. The electromotive force generated 
by the silicon-SiC/Zn cell was 0.75. For the 
graphite/zinc cell (901S graphite), the potential 
was 2.1. Measurements showed that exposed 
zones of ‘/;¢, /., 'Y5., and '%;, in. in diameter in 
the coatings produced voltages of 1.2, 1.6, 1.9, 
and 2.1 volts, respectively. These readings 
seem to indicate that the technique should be 
very sensitive to very small exposed areas and 
that beyond a '*/,,-in.-diameter zone little change 
would be recorded. This should be a very use- 
ful tool if the immersion into the electrolyte is 
not detrimental to the product being inspected. 

An investigation®® was made to compare the 
relative usefulness of various nondestructive 
methods for the inspection of small-diameter 
tubing. The methods explored were visual (mag- 
nifying glass), eddy current, dye penetrants 
(visual and fluorescent), magnetic particle, ul- 
trasonics, radiographic, and hydrostatic. The 
conclusion drawn from this work was that the 
eddy-current technique was the most versatile 
and useful for the inspection of small-diameter 
tubing. The authors recognized one major prob- 
lem, however, which is that the eddy-current 
technique is extremely difficult to calibrate. 

Bettis’® reports significant progress in the 
development of a fiber-optic device for fuel- 
elerment inspection. Surface patterns simulating 
corrosion-product stains were well defined us- 
ing a 24-in.-long, 2-in.-wide fiber probe and 
photography. Probes having two 50-in. lengths 
are to be used for the inspection of the PWR 
core 2 and early PWR subassemblies. 

(C. L. Seale) 
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